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Microstructural evolution of silicate immiscible liquids in solidifying 
ferrobasalts 
 
Victoria Claire Honour 
 
Evidence of silicate liquid immiscibility in ferrobasalts is provided by co-existing Fe- and Si-rich melt 
inclusions and Fe-rich droplets dispersed in the Si-rich glassy mesostasis of rapidly cooled rocks. 
Crucially, the different physical properties of these unmixed liquids mean that they may migrate and 
separate within a granular medium, forming chemically distinct accumulations. I combine experiments, 
geochemistry, image analysis and field observations to better quantify the physical behaviour of 
emulsions in ferrobasaltic magmas.  
Quantification of the microstructural evolution of an emulsion in ferrobasaltic experiments shows that 
the Fe-rich liquid forms homogeneously nucleated droplets dispersed in an immiscible Si-rich liquid, 
together with droplets heterogeneously nucleated on plagioclase, magnetite, and pyroxene. 
Heterogeneous nucleation is likely promoted by localised compositional heterogeneities around 
growing crystals. The equilibrium wetting angle of Fe-rich droplets on both plagioclase and magnetite 
increases with decreasing temperature. Droplet coarsening occurs by diffusion-controlled growth 
(including Ostwald ripening), with an insignificant contribution from coalescence. The experimental 
observations are scaled to infer that in magma bodies < ~10 m in size, gravitationally-driven segregation 
of immiscible Fe-rich droplets is unlikely to be significant. The same concepts are investigated using 
natural samples with preserved immiscible textures found in tholeiitic basaltic glass from Hawaii 
(USA), the Snake River Plain (USA), and the Laki eruption (Iceland). High-resolution imaging, electron 
probe microanalysis, and atom probe tomography are combined to examine the role played by 
compositional boundary layers in promoting unmixing around growing crystals at melt-crystal 
interfaces. The effects of cooling rate on silicate liquid immiscibility microstructure are studied using 
basaltic dykes from Northeast England, coupled with simple 1D thermal models. The size of Fe-rich 
droplets within a continuous silicic phase is found to increase with decreasing cooling rate. At the even 
slower cooling rate of the Skaergaard Intrusion, field, whole rock and petrographic observations of late-
stage immiscible segregations show that complete segregation of unmixed liquids on the metre scale is 
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Evidence of silicate liquid immiscibility in ferrobasalts is provided by co-existing Fe- and Si-rich melt 
inclusions (e.g. Fischer et al., 2016; Jakobsen et al., 2005; Jakobsen et al., 2011; Luais, 1987; Roedder 
and Weiblen, 1970c) and Fe-rich droplets dispersed in the Si-rich glassy mesostasis of rapidly cooled 
rocks (e.g. De, 1974; Philpotts, 1982; Philpotts and Doyle, 1980). The physical behaviour of these 
immiscible liquids in a crystal mush may play an important role in the evolution of mafic intrusions 
(e.g. Holness et al., 2011; VanTongeren and Mathez, 2012; Zhou et al., 2013). Crucially, the different 
physical properties of these unmixed liquids mean that they may migrate and separate within a granular 
medium, forming chemically distinct accumulations. I combine experiments, geochemistry, image 
analysis and field observations to better quantify the physical behaviour of emulsions in ferrobasaltic 
magmas.  
Quantification of the microstructural evolution of an immiscible basaltic emulsion in ferrobasaltic 
experimental charges shows that the Fe-rich liquid forms homogeneously nucleated droplets dispersed 
in an immiscible Si-rich liquid, together with droplets heterogeneously nucleated on plagioclase, 
magnetite, and pyroxene. Heterogeneous nucleation is likely promoted by localised compositional 
heterogeneities around growing crystals. The equilibrium wetting angle of Fe-rich droplets on both 
plagioclase and magnetite increases with decreasing temperature. Droplet coarsening occurs by 
diffusion-controlled growth (including Ostwald ripening), with an insignificant contribution from 
coalescence. The experimental observations are scaled to infer that in magma bodies < ~10 m in size, 
gravitationally-driven segregation of immiscible Fe-rich droplets is unlikely to be significant. The same 
concepts are investigated using natural samples with preserved immiscible textures found in tholeiitic 
basaltic glass from Hawaii (USA), the Snake River Plain (USA), and the Laki eruption (Iceland), to 
examine the onset of unmixing in natural samples, its relationship to crystal growth and the evolution 
of an emulsion in a crystal mush. High-resolution imaging, electron probe microanalysis, and atom 
probe tomography are combined to examine the role played by compositional boundary layers in 
promoting unmixing around growing crystals at melt-crystal interfaces. The effects of cooling rate on 
the microstructure of unmixed immiscible silicate liquids are studied through detailed microstructural 
investigations of Paleogene basaltic dykes from Northeast England, coupled with simple 1D thermal 
models. The size of unmixed Fe-rich droplets within a continuous silicic phase is strongly related to the 
cooling rate by a power law, with droplet diameter increasing with decreasing cooling rate.  
Layered intrusions provide an insight into the geochemical evolution of magmas, increasing our 
understanding of processes operating in solidifying mushes in the shallow crust (O'Driscoll and 
VanTongeren, 2017). The well-exposed Skaergaard Intrusion of East Greenland offers a perhaps 
unparalleled example of closed-system behaviour and uninterrupted fractionation of ferrobasaltic 
magma. The intrusion preserves a variety of structures interpreted as a record of the behaviour of late-
stage evolved liquids, such as gabbroic pegmatites, dendritic anorthosites, and melanogranophyres. 
Striking associations of irregular Si-rich and Fe-rich segregations are interpreted as the remains of 
unmixed immiscible liquids. Previous studies of these late-stage features have been limited to particular 
localities in the intrusion. A more comprehensive investigation, building on recent quantification of the 
thickness of the mushy layer on the chamber floor, shows that the morphological and compositional 
variations in the late-stage structures are linked to the physical properties of the crystal mush and the 
progressive chemical evolution of the bulk magma. The late-stage structures are podiform in thick mush 
and planar in thin mush. Gabbroic pegmatites are spatially associated with paired Si-rich and Fe-rich 
segregations. The physical properties of the mush control the movement of the late-stage interstitial 
liquids, with implications for our understanding of the rheology of mafic sub-volcanic mush and the 
mechanisms of melt segregation. The compositions of the paired segregations are consistent with 
experimental evidence for the compositional evolution down the silicate liquid binodal. Complete 
separation of the mafic- and felsic-rich segregations is observed on the metre scale; therefore, time 




















“It is more fun to talk with someone who doesn't use long, difficult words but 
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1 SILICATE LIQUID IMMISCIBILITY 
1.1 Introduction 
Interest in silicate liquid immiscibility has waxed and waned over the last century. Daly (1914) 
suggested it as a mechanism by which magmas could differentiate; however, Bowen (1928) rejected 
this, arguing: “In no case has any petrologist advocating this process been able to point out exactly how 
it [silicate liquid immiscibility] is to be applied to any particular series of rocks”. The debate over the 
role of immiscibility in magmatic differentiation resurfaced after the serendipitous discovery of glassy 
immiscible products in the Apollo-11 lunar basalt samples (collected 50 years ago last month). Over 
the last decade, significant petrological and experimental advances have rapidly developed our 
understanding of unmixing in tholeiitic magmas (e.g. Charlier and Grove, 2012; Hou et al., 2018; 
Jakobsen et al., 2011; Veksler et al., 2007). The process of immiscibility is now commonly invoked to 
explain the formation of metallic cores in terrestrial planets, magmatic sulfide deposits, carbonatites, 
and magmatic-hydrothermal systems (e.g. Thompson et al., 2007; Veksler, 2004; Wahl and Militzer, 
2015). 
Silicate liquid immiscibility has been directly observed in melt inclusions with co-existing Fe- and Si-
rich inclusions in the same mineral (e.g. Fischer et al., 2016; Jakobsen et al., 2005; Jakobsen et al., 
2011; Luais, 1987; Roedder and Weiblen, 1970c), and as Fe-rich droplets dispersed in Si-rich glass in 
the mesostasis of rapidly cooled silicate liquids (e.g. De, 1974; Philpotts, 1982; Philpotts and Doyle, 
1980). The physical behaviour of these immiscible liquids in a crystal mush may play an important role 
in the evolution of mafic magmas, particularly if there is relative movement between the two liquids 
(e.g. Holness et al., 2011; VanTongeren and Mathez, 2012; Zhou et al., 2013).  
This thesis seeks to explore the physical behaviour of immiscible silicate liquids and to develop an 
understanding of the kinetic controls on the onset of unmixing, coarsening of the emulsion, separation 
of the conjugate liquids, and ultimately to identify how such immiscible liquids migrate through a 
crystal mush. These concepts require investigation over a variety of length-scales and cooling rates. 
Hence, this thesis encompasses observations from nano-scale petrography to kilometre-scale field 
observations, with cooling rates varying between rapidly cooled experiments to a slowly cooled 
intrusion.  
1.2 Structure of thesis  
The thesis is divided into four studies (Chapters 2–5), each dealing with unmixing processes at a range 
of cooling rates.  
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1.2.1 Chapter 1  
This chapter provides an overview of the theoretical background to silicate liquid immiscibility – the 
common theme investigated throughout this thesis. I discuss the conditions under which unmixing may 
occur, detail experimental work on element partitioning, and the mechanisms of unmixing. I outline 
several case studies with a range of cooling rates to illustrate how silicate liquid immiscibility has been 
directly and indirectly inferred in natural samples. 
1.2.2 Chapter 2 
Chapter 2 details an experimental study of emulsion microstructural evolution with decreasing 
temperature in a ferrobasalt. Combining image analysis with geochemistry I investigate the nucleation 
(homogeneous and heterogeneous) and coarsening of Fe-rich droplets dispersed in an immiscible Si-
rich liquid. I examine the wetting angles of Fe-rich liquids on different crystals phases and assess several 
microstructures that may be indicative of crystallisation in the presence of an unmixed liquid. Overall, 
the implications for gravitationally-driven segregations of immiscible liquids are discussed.  
1.2.3 Chapter 3 
In Chapter 3 a detailed microstructural investigation of three basaltic dykes from Northeast England are 
combined with a simple theoretical model to produce a quantitative relationship between the size of 
unmixed Fe-rich droplets and the cooling rate of basalt. The crystallisation regime of the dykes and the 
potential growth mechanism of Fe-rich droplets are also proposed. 
1.2.4 Chapter 4 
I present the results and interpretations of geochemical and microstructural analyses on basaltic samples 
from the Kīlauea Iki lava lake (Hawaii, USA), Laki eruption (Iceland) and Snake River Plain lava flow 
(USA). Records of compositional boundary layers forming around growing plagioclase crystals 
highlight a kinetic control on unmixing of a basaltic composition. Novel analytical techniques, 
including the first use of atom probe tomography (APT) on basaltic glass, are used to investigate such 
features. 
1.2.5 Chapter 5 
I discuss background information on the Skaergaard Intrusion (Greenland), focusing on the late-stage 
segregations identified within the intrusion. I detail observations of the late-stage segregations from my 
fieldwork on the intrusion, with a focus on their interaction with the surrounding gabbro. I present a 
geochemical and petrological investigation of the late-stage segregations looking at the major and trace 
element whole rock geochemistry and plagioclase mineral chemistry. I discuss the migration of late-
stage liquids within the layered series alongside a model for unmixing and segregation of late-stage 
liquids within granular media. 
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1.2.6 Chapter 6 
Chapter 6 is split into three parts. First, the main findings of each study are summarised. Second, these 
findings are placed into context and their broader implications for magma unmixing and ultimately 
segregation of two immiscible liquids are discussed. Finally, I outline areas for future research into 
unmixing processes. 
1.3 Principles of unmixing  
Liquid immiscibility, or phase separation, is a well recorded phenomenon in glass-forming binary and 
multicomponent silicate systems (e.g. James, 1975; Roedder, 1978; Shelby, 2005). Whether phase 
separation occurs is driven by thermodynamics and is determined by the Gibbs free energy (ΔG) of the 
system (equation 1.1). If mixing two phases yields a lower free energy (ΔGm) at constant pressure and 
temperature, the mixture will remain homogeneous; if separation of two phases yields a lower ΔGm at 
constant pressure and temperature then the mixture will unmix to reach equilibrium, if kinetically 
feasible (e.g. James, 1975; Shelby, 2005). Wood and Hess (1980) showed that phase separation arises 
from the conflict between enthalpy (ΔH) and entropy (ΔS) in minimising Gibbs free energy: 
ΔG=ΔH-TΔS                   (equation 1.1) 
At higher temperatures (T) there is greater chemical disorder and so the entropy contribution is greater: 
a more random distribution of cations minimises the free energy of the mixture (Wood and Hess, 1980). 
At lower temperatures, the enthalpy term dominates as TΔS becomes smaller. Consequently, to 
minimise the ΔG, the mixture splits into two coexisting phases (Fig. 1.1a): one weakly polymerised 
with a low SiO2 content and abundant network modifying cations (the Fe-rich liquid), the other highly 
polymerised, rich in SiO2 and with abundant network forming cations (the Si-rich liquid). Generally, 
the Fe-rich end member is enriched in Fe, Ti, Mg, Ca, P and Mn and the Si-rich end member is enriched 
in Si, Al, Na and K.  
Network forming cations are small, highly charged cations, with coordination numbers (the number of 
ions surrounding the cation) ≤4 in silicate liquids and solids. The most abundant network forming cation 
in tholeiitic systems is Si4+. Network modifying cations have ionic radii >87.2 pm, with coordination 
numbers ≥5 (Hudon and Baker, 2002). This group includes cations such as the rare earth elements 
(REE), Th4+, U4+, and some alkali and alkaline earth elements. Cations greater in size than Si4+ (26 pm), 
but smaller than 87.2 pm, with multiple co-ordination numbers (named amphoteric cations) are an 
important group for tholeiitic liquids and include Al3+, Mg2+, Ti4+, Zn2+, and Mn2+.  
At the atomic level, unmixing results from Coulombic forces (Hess, 1995). Coulombic forces are the 
forces holding ions together and in ionic solids these are electrostatic. In the oxide-silica systems the 




Figure 1.1. A schematic binary system showing (a) Gibbs free energy (G) versus composition (X) 
for different temperatures (T1 to T3), defining a binodal and spinodal in temperature-composition 
space. XA and XB are equilibrium compositions of unmixed, immiscible liquids. µA and µB are 
chemical potentials of the liquids A and B. SA and SB are the inflexion points that define the spinodal. 
(b) Free energy (G) versus composition (X), showing the driving force and the barrier for nucleation. 
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potential of the network modifying cations (ionic potential is defined as Z/r; where Z is the cation charge 
and r is the cation radius). Consequently, Hudon and Baker (2002) proposed that there is a structural 
control on silicate liquid immiscibility as determined by the network modifying cation radius. The 
charge of any network modifying cation is poorly shielded due to the configuration of the electron 
shells, and consequently Coulombic repulsion builds up between cations, promoting phase separation. 
Notably, Hudon and Baker (2002) showed that miscibility gaps are larger for trivalent cations, such as 
V3+. Amphoteric cations with 4-fold coordination numbers have covalently bonded cation-oxygen pairs 
surrounded by an electron cloud, which shields the positive charge of the nuclei and so reduces the 
repulsion from other amphoteric cations (Hudon et al., 2004). This results in minimal phase separation. 
Cations with greater than 4-fold coordination numbers are bonded to 5 or more (relatively) distant 
oxygens via bonds with a strong ionic character, which results in a weaker shielding effect and so greater 
repulsion between cations, widening any miscibility gap (Hudon et al., 2004). 
The miscibility gap is defined in temperature-composition (T-X) space by the binodal curve (Fig. 1.2): 
the region on a T-X phase diagram below which it is energetically favourable for a single-phase liquid 
to unmix. The interaction between the binodal and the liquidus of a given liquid determines the stability 
of the miscibility gap (e.g. Biggar, 1979; Freestone, 1979; Philpotts and Doyle, 1980; Philpotts, 1979). 
If the binodal lies above the liquidus, the miscibility gap is stable. At the binodal-liquidus intersection, 
two immiscible liquids and solid phases exist (Fig. 1.3). If the binodal lies beneath the liquidus then the 
miscibility gap will be metastable (Philpotts, 1979; Veksler and Charlier, 2015). The presence of a 
subliquidus miscibility gap distorts the liquidus surface (Fig. 1.3b) and so limits the development of 
intermediate compositions (Charlier and Grove, 2012; Freestone and Powell, 1983). The distinction 
between metastable and stable liquid immiscibility ultimately affects the scale of the unmixing process, 
the potential for segregation of the two immiscible liquids, and therefore the capability of the process 
to produce large-scale magma differentiation. If metastable, the process of unmixing remains highly 
localised. 
Below the binodal, the spinodal defines the T-X space in which there are no thermodynamic barriers to 
unmixing (the spinodal is defined by the Gibbs free energy curve having a d2y/dx2 = 0; Fig. 1.2) and 
infinitesimally small fluctuations in composition and density grow spontaneously by uphill diffusion, 
leading to unmixing (Cahn, 1961). Below the spinode the interface between the two unmixed phases is 








Figure 1.2. A sketch after Charlier and Grove 
(2012); Philpotts and Ague (2009) showing the 
liquid line of descent through a silicate liquid 
immiscibility field, as defined by the binodal. 
 
  
 Figure 1.3. Schematic binary showing (a) a stable 
two-liquid field with an extension to metastable 
conditions below the liquidus; and (b) metastable 
unmixing below the liquidus, note the flattening of 
the liquidus above the metastable binodal, 
following Freestone (1978); Veksler and Charlier 
(2015). 
1.4 Onset of silicate liquid immiscibility and the size of the miscibility gap 
Liquid composition, crystallisation temperature and pressure, crystallisation order, cooling rate, and 
oxygen fugacity all affect the stability, shape, size, and apex of the miscibility gap (e.g. Charlier and 
Grove, 2012; Dixon and Rutherford, 1979; Philpotts and Doyle, 1983; Roedder, 1951; Veksler et al., 
2007; Visser and Van Groos, 1979b). Prior work on constraining the miscibility field has chiefly 
focused on dry tholeiitic magma compositions. Below, I outline the existing studies investigating 
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silicate liquid immiscibility in tholeiitic systems, as well as the limited literature on hydrous- and 
alkaline-rich systems. 
1.4.1 Dry tholeiitic compositions 
Bowen (1928) rejected the idea of immiscibility as a large-scale magma differentiation process, arguing 
that the known immiscibility field in the fayalite-SiO2 system existed at a temperature too high (greater 
than 1689°C) to be of relevance to igneous petrologists. The debate was reopened with the discovery 
by Roedder (1951) of the low temperature (below 1100°C) immiscibility field in the fayalite-leucite-
silica system at atmospheric pressure. In recent years, experiments on liquid immiscibility in 
ferrobasalts have progressively increased in complexity from five-component systems (e.g. Greig, 
1927; Greig, 1928; Naslund, 1976; Roedder, 1951; Visser and Koster Van Groos, 1976) to basaltic 
systems (e.g. Charlier and Grove, 2012; Charlier et al., 2013; Hou and Veksler, 2015; Philpotts, 1976; 
Philpotts, 1979; Veksler et al., 2008b). 
The temperature of unmixing differs between static and dynamic (centrifuge) experiments. Static 
experiments conducted at one-atmosphere with a rapid quench have constrained the apex of the binode 
surface to 1025°C for equilibrium ferrobasaltic compositions (Charlier and Grove, 2012). The 
centrifuge experiments of Veksler et al. (2007) sought to establish if silicate liquid immiscibility could 
occur in ferrobasalts at high temperatures (>1100°C), as unmixing of a ferrobasalt prior to 50% 
crystallisation (at 1070–1100°C) has greater significance for large-scale magma differentiation. In the 
centrifuge experiments, droplets of Fe-rich liquid were produced but there were no examples of clearly 
defined liquids (in equilibrium) separated by a meniscus (Charlier, 2015). The results and implications 
of Veksler et al. (2007) experiments have been debated (McBirney, 2008; Morse, 2008a; Philpotts, 
2008; Veksler et al., 2008a). Philpotts (2008) suggested the unmixing formed as the liquid line of 
descent crossed below a sub-liquidus binodal and so was metastable. Further experimental evidence for 
a stable two-liquid field in a ferrobasaltic system at 1150–1200°C was presented by Hou and Veksler 
(2015). Their experiments (mixing, rather than unmixing experiments) produced an Fe-rich liquid at 
1150°C with a composition of 53–56 wt.% SiO2 and 15–18 wt.% FeO. This is a more silica-rich 
composition than produced by static experiments drop quenched at 1020°C, which have 30–50 wt.% 
SiO2 and 18–32 wt.% FeO (approximating to a pyroxenitic composition; Charlier and Grove, 2012). 
Previously, it was thought that extreme iron enrichment (i.e. >19 wt.% FeO) was a necessary condition 
for the onset of unmixing (Dixon and Rutherford, 1979; Philpotts and Doyle, 1983). A single 
experiment by Philpotts and Doyle (1983) reported an FeO of 15.4 wt.% prior to unmixing. 
Subsequently, experiments by Charlier and Grove (2012), using starting compositions between 46–
56 wt.% SiO2 and 12–18 wt.% FeO, have shown that extreme iron enrichment is not inherently required 
to reach the silicate liquid immiscibility field. Rather, silicate liquid immiscibility can develop during 
iron depletion (i.e. <19 wt.% FeO) and post-crystallisation of Fe–Ti oxides (Charlier and Grove, 2012). 
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The cooling rate of a liquid affects the crystallisation order of the major phases (Grove and Bence, 
1979), which in turn affects the development of an iron depleted or enriched liquid line of descent. This 
impacts the size and shape of the miscibility gap. The miscibility gap is expanded by higher 
concentrations of TiO2 in the liquid (Bogaerts and Schmidt, 2006; Charlier and Grove, 2012; Ryerson 
and Hess, 1978; Visser and Van Groos, 1979b; Watson, 1976). Higher P2O5 concentrations increase the 
modal plagioclase/pyroxene ratio, which promotes iron enrichment during magma differentiation 
(Toplis et al., 1994). Unmixing is also promoted by elevated concentrations of Na2O, K2O, Cr, and REE 
(Charlier and Grove, 2012; Watson, 1976), whereas the substitution of MgO for FeO reduces the 
miscibility gap (Naslund, 1976). Likewise, increasing the concentration of CaO and Al2O3 in the liquid 
stabilises a single-liquid field (Cygan and Koster van Groos, 1978). 
Pressure causes competing expansion and contraction effects on the miscibility gap. There is a trade-
off between the pressure effects on the stability of the liquidus phases and the response to pressure of 
the cations in the system (Hudon et al., 2004). High pressure expands the stability field of augite, 
reducing the relative volume of plagioclase in the assemblage, as olivine, augite, and plagioclase 
crystallise in closer mass proportions, and hence early iron enrichment of the liquid is inhibited (Grove 
and Baker, 1984; Grove et al., 1992; Villiger et al., 2006; Villiger et al., 2004). This effect is compound 
as plagioclase crystallisation affects the concentration of elements which expand the silicate liquid 
immiscibility field. For example, after plagioclase saturation but before oxide saturation, TiO2 
concentrations in the remaining melt increase rapidly; lower volumes of plagioclase crystallisation 
therefore reduces the expansion of the immiscibility gap normally attributed to TiO2. In systems 
dominated by network modifier cations (e.g. Ca2+), pressure has a minimal effect on the miscibility gap 
due to their high coordination numbers at atmospheric pressure i.e. they have a compact arrangement 
and so are not very compressible (Hudon et al., 2004). For systems dominated by amphoteric cations, 
increasing pressure results in the miscibility gap expanding, as the cations with 4-fold coordination 
adopt more compact arrangements by increasing their coordination number, which decreases their 
charge shielding (Durben and Wolf, 1991; Farber and Williams, 1992; Hudon et al., 2004; Kubicki et 
al., 1992; Williams and Jeanloz, 1988; Yarger et al., 1995). This is true for both Fe2+ and Fe3+, at higher 
pressures they will adopt a 6-fold coordination number expanding the Fe miscibility gap (Hudon et al., 
2004). On balance, lower pressure conditions are more favourable for the development of silicate liquid 
immiscibility (Hudon et al., 2004; Visser and Van Groos, 1979a). 
Oxygen fugacity (fO2) specifies the redox state of the system, which influences the stability and size of 
the silicate liquid immiscibility field (Philpotts and Doyle, 1983). At atmospheric pressures there is no 
pure FeO or Fe2O3 liquid; any liquid contains both ferric and ferrous Fe in a ratio depending on fO2. A 
high Fe2O3/FeO ratio (due to high fO2) causes an expansion of the silicate liquid immiscibility field in 
the system KAlSi3O8-FeO-Fe2O3-SiO2 (Naslund, 1983). Oxygen fugacity also influences the stability 
and first appearance of Fe–Ti oxides (Toplis and Carroll, 1995). High fO2 promotes magnetite 
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crystallisation, which inhibits iron enrichment in the bulk liquid. Consequently, at high fO2 there is a 
trade-off between miscibility gap expansion and the stabilisation of magnetite causing iron depletion. 
Toplis and Carroll (1996) investigated the differentiation of ferrobasalts in open and closed oxygen 
systems, concluding that closed systems better promote silicate liquid immiscibility. 
Overall, anhydrous, low-pressure fractional crystallisation is the most favourable condition for 
unmixing during differentiation. Examples of silicate liquid immiscibility occurring in dry tholeiitic 
compositions are provided in section 1.8 and 1.9. 
1.4.2 Hydrous tholeiitic compositions 
H2O behaves as an incompatible element, increasing in concentration in the bulk liquid with progressive 
fractionation. At the surface, tholeiitic basalts typically have low water contents (<0.1 wt.% H2O for 
primitive MORB; Danyushevsky (2001)). Increasing the H2O content of a basaltic melt suppresses 
plagioclase crystallisation relative to other crystallising phases and promotes Fe-Ti oxide crystallisation 
(Botcharnikov et al., 2008; Sisson and Grove, 1993); this inhibits iron enrichment in the remaining 
liquid and shifts the liquid line of descent to a calc-
alkaline trend. Charlier and Grove (2012) illustrate 
the decreasing apex temperature of the binodal as a 
function of the increasing water content during 
differentiation of a tholeiitic basalt at low pressures. 
Charlier (2019 pers. comm.) further updated this 
schematic, highlighting how higher H2O 
concentrations also enlarge the two-liquid field 
(Fig. 1.4). In contrast, at high pressure (200 MPa) 
H2O, in isolation or combined with P, S or F, 
increases the apex temperature and compositional 
range of the miscibility gap at fO2 equal to the 
nickel-nickel oxide and magnetite-hematite buffers 
(Lester et al., 2013). Overall, they conclude that 
liquid-phase separation may be stable in some H2O-
rich silicate magmas at pressures >200 MPa. 
Unmixing was shown to occur experimentally at 
100MPa, with elevated fO2 and H2O by Hou et al. (2018) at 1000-1040°C. 
1.4.3 Alkaline compositions 
Philpotts (1976) suggests that in alkaline rocks the onset of silicate liquid immiscibility is early enough 
for the process to be important in large-scale magma differentiation, whereas in tholeiitic magmas the 
increase in incompatible elements (e.g. Na2O and K2O), does not occur in sufficient concentrations to 
 
Figure 1.4. Schematic illustration of the potential 
effect of increasing water content during 
differentiation of a tholeiitic basalt on the silicate 
liquid immiscibility field (Charlier 2019 pers. 
comm.). Increasing water content depresses the 
binodal apex, but expands the compositional range 
of the field. 
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promote unmixing until the last stages of differentiation. Similar to tholeiitic melts, Freestone (1978) 
demonstrated that the addition of TiO2 and P2O5 in the silica-fayalite-leucite pseudo-ternary system 
causes the two-liquid field to expand. 
1.5 Mechanisms of unmixing 
Unmixing of a cooling liquid can occur by: (1) nucleation of droplets of the volumetrically minor phase, 
as determined by the initial liquid’s composition as it intersects the binodal (Fig. 1.2). In this case, 
nucleation is limited by thermodynamic and kinetic barriers (Fig. 1.5a). (2) spontaneous spinodal 
decomposition if the liquid experiences a large, (near-) instantaneous undercooling (Cahn, 1961). There 
are no thermodynamic barriers to spinodal decomposition; however, there will be kinetic limitations 
(Fig. 1.5b). 
A reduction in Gibbs free energy, driven by the chemical potential difference (Fig. 1.1a) promotes 
unmixing. However, prior to nucleation of a stable droplet, small compositional fluctuations (as shown 
by f in Fig. 1.1b) in the homogenous liquid produce an increase in free energy (as shown by Δg in Fig. 
1.1b; James (1975)). This is a thermodynamic barrier to liquid-liquid unmixing. Any small 
compositional fluctuation must develop beyond composition z (Fig. 1.1b) for the free energy to decrease 
and the thermodynamic barrier to be overcome. 
 
 
Figure 1.5. The schematic evolution of element concentration profiles for (a) nucleation and growth below a 




Nucleation of the minor phase can occur via homogenous or heterogeneous nucleation (Fig. 1.6). 
Homogeneous nucleation occurs in the 
interior of a uniform phase and is the 
formation of a new phase solely from 
compositional fluctuations within the existing 
phase (Abraham, 2012; Kalikmanov, 2013). 
Heterogeneous nucleation utilises pre-existing 
surfaces as nucleation sites; an example of this 
is dust, which can serve as a heterogeneous 
nucleation centre for water condensation in the 
atmosphere. 
Classical nucleation theory assumes that the critical radius of a homogeneously nucleated droplet 
determines the fate of the droplet (e.g. Abraham, 2012). The critical radius denotes the maximum free 
energy required for the formation of a stable droplet. This free energy is the sum of two terms (Fig. 
1.7a): (1) the bulk free energy, which scales with volume and is always negative; and (2) the interfacial 
energy of the droplet (defined by the surface tension between the interface and its surroundings), which 
is positive and scales with droplet surface area. Heterogeneous nucleation is more common than 
homogeneous nucleation as the nucleation barrier is proportional to the surface area of the nucleus. For 
heterogeneous nucleation this is smaller because part of the boundary is on the surface of a crystal (Fig. 
1.7b). Kinetic barriers to nucleation of an immiscible liquid arise from material transport and dynamics 
(Veksler and Charlier, 2015), and are affected by parameters such as: diffusion rates, viscosity, 
interfacial tension, and wetting angles between the immiscible liquids and the solids (see section 1.6).  
Post-nucleation, the evolution (and hence size) of an immiscible droplet can be controlled by factors 
operating either in isolation or simultaneously: coalescence, kinetic growth and equilibration (e.g. 
processes such as Ostwald ripening and growth driven by widening of the binodal during cooling). 
Martin and Kushiro (1991) found that cooling rate affects the size of immiscible droplets, with droplet 
size decreasing as cooling rate increases.  
Kinetic barriers limit the nucleation and growth of immiscible droplets (Veksler and Charlier, 2015), 
so while Fe-rich and Si-rich liquids have different physical properties that theoretically should promote 
separation (see section 1.6), the feasibility of large-scale segregation of two unmixing liquids in natural 
systems needs to be proven. Current work on the kinetics of silicate liquid immiscibility in natural 
magmas is still limited (Martin and Kushiro, 1991; Veksler et al., 2008b; Veksler et al., 2010). Veksler 
and Charlier (2015) explicitly state that further work is required to better understand “the nucleation, 
growth and potential segregation of immiscible melts”. 
 
Figure 1.6. A schematic cartoon defining heterogeneous 
and homogeneous nucleation. Heterogeneous droplets are 
defined as droplets in contact with a solid phase. 
Homogeneous droplets are defined as droplets not in 
contact with any solid phase. The cartoons illustrate the 
case where the Fe-rich liquid is the minor phase and the 




Figure 1.7. A schematic determination of (a) the critical radius size, required for the nucleation 
of a stable droplet; (b) the differing energy (∆G*) required for the formation of a stable droplet 
by homogeneous (hom) nucleation compared to heterogeneous (het) nucleation (e.g. Abraham, 
2012); (c) the effect of the ratio of the differing energy required for heterogeneous nucleation 




1.6 Physical properties of immiscible melts 
1.6.1 Density contrasts 
The two immiscible liquids have different compositions and so different densities; the Fe-rich liquid is 
denser than the Si-rich liquid. The densities of the two liquids will vary depending on the composition 
of the system. As an approximation, an Fe-rich liquid is typically >2.9 g/cm3, increasing in density at 
lower temperatures (between 1050°C to 955°C), while the density of a Si-rich liquid is typically <2.6 
g/cm3 decreasing in density at lower temperatures (as calculated from glass compositions from 
ferrobasaltic unmixing experiments – see Chapter 2). As a comparison, the density of basalt is typically 
2.7–2.8 g/cm3 (e.g. Stolper and Walker, 1980), while the density of anorthosites is <2.8 g/cm3 (e.g. 
Cawthorn and Ashwal, 2009).  
1.6.2 Viscosity contrasts 
Viscosity is a measure of a liquid’s internal resistance to flow; the more polymerised the liquid, the 
higher the viscosity. The degree of polymerisation of a silicate liquid can be expressed by the parameter: 
NBO/T, where NBO = number of non-bridging oxygen and T = tetrahedrally coordinated network 
former cations (Mysen and Richet, 2018). A value of NBO/T = 0 indicates complete polymerisation 
(e.g. quartz), whereas NBO/T = 4 indicates isolated oxygen tetrahedrons.  
The Fe-rich liquid has a lower viscosity than the Si-rich liquid for any given temperature. Viscosities 
for Fe-rich liquids range from 104 Pa.s to 103 Pa.s, decreasing with decreasing temperature, while for 
Si-rich liquids the viscosity ranges from 104 Pa.s to 107 Pa.s, increasing with decreasing temperature 
between 1050°C to 955°C (Honour et al., 2019). For the Si-rich liquid NBO/T values are typically <1 
(representing a high degree of polymerisation) and Fe-rich liquid NBO/T values range from 1-2 
(representing a lower degree of polymerisation) (e.g. Charlier and Grove, 2012; Hamann et al., 2013; 
Honour et al., 2019). The differing viscosities will affect the separation and migration of the two 
unmixed liquids. 
1.6.3 Interfacial tension 
Veksler et al. (2010) measured the interfacial tension between two immiscible liquids resulting from 
unmixing in the K2O-FeO-Fe2O3-Al2O3-SiO2 system. They showed that the interfacial tension increases 
with decreasing temperature as the immiscible liquids become more dissimilar in composition. The 
interfacial tension values were low, ranging from 5-16 mN/m for an Fe-rich liquid nucleating droplets 
in a continuous Si-rich liquid (Veksler et al., 2010). Droplet nucleation is easier at low interfacial 
tensions. Furthermore, a low interfacial tension between the immiscible droplets and the continuous 
phase reduces coarsening rates of the resultant silicate emulsion (James, 1975; Veksler et al., 2010); 
this will impede the gravitational separation of the immiscible liquids (Veksler and Charlier, 2015).  
The unmixed liquids in experimental charges typically separate with sharp interfaces (Charlier and 
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Grove, 2012; Dixon and Rutherford, 1979; Longhi, 1990; Philpotts and Doyle, 1983). Diffuse interfaces 
in ferrobasaltic experiments have been attributed to slow chemical diffusion (Hou and Veksler, 2015).  
1.6.4 Wetting angles 
The wetting angle is defined as the angle, conventionally measured through the liquid, where a liquid 
interface meets a solid. It quantifies the wettability of a solid by a liquid. Wetting angles for an unmixed 
liquid are a function of the interfacial energy balance between the two liquids and their substrate (i.e. 
the solid), and are therefore controlled by the compositions of the three phases (e.g. Yablonovitch and 
Gmitter, 1984). This is expressed in the Young equation:  
ƴXL1– ƴXL2– ƴL1L2 cosƟc = 0                  (equation 1.2) 
where X is the interfacial energy of the attachment surface, L1 denotes the interfacial energy of the 
minor liquid phase forming the droplet, L2 denotes the interfacial energy of the major liquid phase, and 
ƟC denotes the wetting angle as measured from the crystal surface through the wetting liquid (Young, 
1805). Wetting angles control the immiscible liquid morphology and connectivity where in contact with 
the solid fraction and affect the coarsening and migration of the unmixed liquids within the crystal 
mush. 
The surface area of the droplet decreases as the wetting angle decreases. This geometrical effect reduces 
the barrier to heterogeneous nucleation and hence results in faster nucleation on surfaces with smaller 
wetting angles (Sear, 2007). Smaller wetting angles occur when the compositions of the crystal surface 
and the wetting liquid are more similar (Young, 1805), i.e. the ΔGhet required is lower and so the ratio 
of ΔGhet*/ ΔGhom* is lower (Fig. 1.7c). 
1.7 Partition coefficients between two immiscible phases 
Element partitioning is defined by Nernst’s Partition law (1891): “when a solute is taken up with two 
immiscible liquids, in both of which the solute is soluble, the solute distributes itself between the two 
liquids in such a way that the ratio of its concentration in the two liquid phases is constant at a given 
temperature provided the molecular state of the distributed solute is the same in both the phases”. 
Element partitioning between two immiscible silicate liquids is primarily a function of temperature, 
pressure, redox conditions and composition (Schmidt et al., 2006; Veksler et al., 2006; Watson, 1976).  
Liquid-liquid Nernst partition coefficients are typically expressed as  
Di = CiLfe/CiLsi                    (equation 1.3) 
where i is the element of interest, CLfe is the concentration in the Fe-rich liquid, and CLsi is the 
concentration in the Si-rich liquid. There is a close relationship between the ionic potential of an element 
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(Z/r; see section 1.3) and the liquid-liquid partition coefficient (Hudon and Baker, 2002). Elements with 
wider miscibility gaps for silicate-oxide binary systems (e.g. network modifying cations) have partition 
coefficients (Di) >1 and preferentially partition into the Fe-rich liquid (Hudon and Baker, 2002; Schmidt 
et al., 2006; Veksler et al., 2006). Trivalent cations and REEs have the highest partition coefficients of 
all elements. In contrast, Si4+ and K+ have partition coefficients <1 and preferentially partition into 
the Si-rich liquid. Cs, Rb and Sb have the lowest partition coefficients (Veksler and Charlier, 2015), the 
former two are network modifiers with low ionic potentials while the latter is a network former. Na+ and 
Al3+ have partition coefficients very close to 1, with approximately equal concentrations in each liquid 
(Fig. 1.8). 
Bogaerts and Schmidt (2006) showed that in the unmixing Fe2SiO4–KAlSi3O8–SiO2–CaO–MgO–TiO2–
P2O5 system, the relationship between the partition coefficients for the network modifying cations (e.g. 
Fe2+, Ca2+, and Mg2+) and the NBO/T of the Si-rich liquid is best described by a negative power law. 
Consequently, the more polymerised a Si-rich liquid (i.e. smaller values of NBO/T), the higher the 
partition coefficient into the Fe-rich liquid. This trend is also observed in unmixed natural glasses 
(Philpotts, 1976; Philpotts, 1982) and unmixing experiments on natural basaltic compositions (e.g. 
Dixon and Rutherford, 1979; Longhi, 1990; Rutherford et al., 1974; Ryerson and Hess, 1978). Bogaerts 
and Schmidt (2006) suggest that the major element partition coefficients are controlled chiefly by the 
degree of liquid polymerisation. 
 
Figure 1.8. Experimentally determined partition coefficients between an Fe-rich and Si-rich immiscible liquid, 
defined as Di = CiLfe/CiLsi, where i is the element of interest, CLfe is the concentration in the Fe-rich liquid, and 
CLsi is the concentration in the Si-rich liquid. Data from Schmidt et al. (2006); Veksler et al. (2006). The dark 
grey squares present experimental sample Z10, while the light grey squares present sample Z18a from Schmidt 
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1.8 Liquid immiscibility in rapidly cooled rocks 
In rapidly cooled igneous rocks, unmixing is typically a late-stage process affecting the interstitial liquid 
on a relatively local scale, such as droplets of one crystalline or glassy phase dispersed in another 
crystalline or glassy phase (e.g. Philpotts, 1976). Here I give an overview of the microstructures that 
are preserved following rapid cooling after unmixing in the interstices of a crystal mush.  
1.8.1 Emulsion microstructures 
There is both terrestrial and extra-terrestrial evidence of silicate liquid immiscibility within tholeiitic 
and alkali rocks in the geological record. Incontrovertible evidence for immiscibility requires two 
distinct compositions of glass droplets preserved within each other (Roedder and Weiblen, 1970b).  
Liquid immiscibility occurring along an iron depleted, silica enriched liquid line of descent is recorded 
by the presence of Fe-rich sub-spherical, crystal-free droplets (of varying diameters up to ~50 µm, 
generally about 1–2 µm) of brownish, variably devitrified, high refractive index glass within a 
groundmass of light brown to colourless glass (De, 1974; Philpotts, 1982; Roedder and Weiblen, 
1970a). Fe-rich droplets are observed to be either isolated within the mesostasis and/or attached to 
crystal faces (Fig. 1.6), with a predominant affinity for plagioclase and pyroxene (Luais, 1987; Roedder 
and Weiblen, 1970a; Sensarma and Palme, 2013). Liquid immiscibility occurring along an iron 
enriched, silica depleted liquid line of descent is recorded by the presence of Si-rich droplets dispersed 
within an Fe-rich continuous phase. 
Comparatively few studies have investigated the kinetics of silicate liquid immiscibility in natural 
magmas. Nucleation kinetics will locally affect unmixing in the interstices of a crystal mush. Greater 
supersaturation is required for nucleation in a small pore compared to a larger one, i.e. greater 
undercooling is required for nucleation in progressively smaller pores (Bigg, 1953; Cahn, 1980; Holness 
and Sawyer, 2008; Putnis and Mauthe, 2001; Scherer, 1999). This has implications for the 
homogeneous nucleation of immiscible droplets in the interstices of solidifying liquids. Philpotts (1978) 
suggests that at slower cooling rates, Fe-rich droplets preferentially nucleate on phases most similar to 
their composition and structure (e.g. pyroxene), while at rapid cooling rates Fe-rich droplets nucleate 
on  plagioclase due to slow diffusion of elements. Luais (1987) and Philpotts (1978) attributed the 
preferred alignment of melt inclusions in plagioclase to the entrapment of a liquid rich in plagioclase 
incompatible elements at the growing crystal face. This suggests that the kinetics of crystal growth may 
have significant implications for the onset of silicate liquid immiscibility. 
Martin and Kushiro (1991) combined experiments with the study of a tholeiitic basaltic dyke to 
determine the effect of cooling rate on droplet coarsening in the dyke. They identified that droplet size 
increases at slower cooling rates. Similarly in pillow lavas, droplet size increases with distance from 
the margin (Luais, 1987; Mével, 1975). On shorter experimental timescales, Veksler et al. (2008b); 
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(2010) showed that a fine-scale emulsions can be stable for a significant time i.e. it can have a very low 
coarsening rate. Such a stable emulsion could have significant effects on magma dynamics due to the 
differing physical properties of the two liquids. 
1.8.2 Preservation in the geological record  
Key evidence supporting basaltic liquid unmixing was found in the mesostasis of Apollo 11 lunar mare 
rocks, in which Si-rich droplets were dispersed in an Fe-rich phase (Roedder and Weiblen, 1970a; 
Roedder and Weiblen, 1970b). Study of the Apollo 11 lunar rocks paved the way for further 
microstructural studies on silicate liquid immiscibility (e.g. De, 1974; Philpotts, 1976). Tholeiitic 
basalts are the most common rock type preserving evidence of liquid immiscibility in the mesostasis, 
i.e. late-stage unmixing (Philpotts, 1978; Philpotts, 1979). Interstitial unmixing is observed within a 
variety of lava flows, on different scales. Examples include: high alumina olivine tholeiites from Hat 
Creek, California and Fuji, Japan (Anderson and Gottfried, 1971; Fujii et al., 1980); tholeiitic dykes 
from the northeast of England (Philpotts, 1982); olivine basalts from Hawaii (Philpotts, 1982); tholeiitic 
basalts from Nova Scotia, Canada (Kontak et al., 2002); and the Deccan Trap basalts (De, 1974). Silicate 
liquid immiscibility has also been observed in glass from meteorite impacts; including the Wabar crater 
in Saudi Arabia (Hamann et al., 2013), the Reis suevite in Germany (Oberdorfer, 1904), and Libyan 
desert glass (Pratesi et al., 2002). This is by no means an exhaustive list of studies on unmixing in 
interstitial liquids, but provides an indication of the wide range of natural examples of unmixing. 
Undoubtedly there are many more unreported (or unrecognised) grain-scale occurrences of the process.  
Droplets are rarely preserved in older rocks due to glass devitrification. However, features attributed to 
unmixing in older rapidly cooled rocks include Fe-rich relict crystalline structures with pyroxene-like 
compositions, often with attached small magnetite crystals (Luais, 1987; Philpotts, 1978; Philpotts, 
1979; Sensarma and Palme, 2013).   
1.9 Liquid immiscibility in plutonic environments 
Establishing if unmixing occurred in intrusions is difficult, as intrusive rocks are the fractional 
crystallisation products of the relevant eutectic for the bulk and interstitial liquids (Veksler and Charlier, 
2015). If the two immiscible liquids did not segregate, there would be minimal traces of unmixing in 
the crystallised rocks as the two immiscible liquids would crystallise the same assemblages and the 
solidified products of the emulsion would be indistinguishable from the products of a homogeneous 
liquid with the same bulk composition. However, microstructural features have been suggested to 
record evidence of late-stage unmixing and two-phase separation within the residual liquids of 
solidifying gabbroic cumulates (e.g. Holness et al., 2011; Humphreys, 2011), and unmixing has been 
proposed as a mechanism for large-scale magma differentiation based on melt inclusions and whole 
18 
 
rock geochemistry – provided unmixing occurs early enough during crystallisation (e.g. Jakobsen et al., 
2011; Namur et al., 2012; VanTongeren and Mathez, 2012; Veksler et al., 2007). Examples of large-
scale and interstitial unmixing raise important questions pertaining to an emulsion’s physical behaviour 
(e.g. nucleation, coarsening and migration).  
A variety of approaches have been used in an attempt to identify whether the liquid line of descent of 
an intrusion crossed the silicate liquid immiscibility field. Pairs of compositionally different, but 
simultaneously trapped, melt inclusions (one Fe-rich, the other Si-rich) provide direct evidence of an 
emulsion in the liquid during mineral growth. Such melt inclusions in cumulus apatite have been 
analysed to irrefutably show evidence of silicate liquid immiscibility in the Skaergaard Intrusion 
(Jakobsen et al., 2005); the Sept Iles intrusion (Charlier et al., 2011); and the Upper Zone of the 
Bushveld Complex (Fischer et al., 2016; VanTongeren, 2018). Other authors have used geochemical 
datasets to infer that unmixing occurred, for example the presence of bimodal whole rock compositions 
in the Sept Iles intrusion (Namur et al., 2012), and bimodal patterns of trace element compositions such 
as REEs in apatite in the Bushveld Complex (VanTongeren and Mathez, 2012).  
There is not necessarily a need to form fully segregated immiscible layers to significantly affect material 
transport and post-cumulus crystallisation in an intrusion (Veksler and Charlier, 2015). Even if the bulk 
magma is compositionally far from the miscibility gap, the interstitial liquid in the crystal mush may 
become sufficiently fractionated to unmix (Holness et al., 2011). If significant two-phase separation 
occurs in the immiscible interstitial liquid, the cumulus phases of the mush will be in local 
disequilibrium with the immediately adjacent liquid. Consequently, the migration of segregated 
immiscible liquids within the cumulate pile can be documented by inter-cumulus reactive 
microstructures and trace element mineral chemistry, e.g. TiO2 in plagioclase (Holness et al., 2011; 
Humphreys, 2011).  
Since the 1970s, immiscibility on the liquid line of descent has been hypothesised and debated for many 
intrusions, including: Skaergaard, Greenland (McBirney, 1975); Nain Complex, Labrador (Wiebe, 
1979); Mull, Scotland (Philpotts, 1982); Duluth Complex, Minnesota (Ripley et al., 1998); Bjerkreim-
Sokndal Intrusion, Norway (Wilson and Overgaard, 2005); Upper Zone of the Bushveld Complex, 
South Africa (Cawthorn, 2013; Fischer et al., 2016; VanTongeren and Mathez, 2012; VanTongeren, 
2018); and Sept Iles, Canada (Namur et al., 2012; Namur et al., 2011). Below I outline the evidence for 
unmixing in several mafic layered intrusions that have helped shape the recent debate.  
1.9.1 Skaergaard Intrusion, East Greenland 
While the Skaergaard Intrusion has been influential in the silicate liquid immiscibility debate, here I 
present only a brief overview: a more detailed background summary of the Skaergaard is presented in 
Chapter 5 together with new observations of liquid unmixing in the intrusion.  
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Holgate (1954) first hypothesised that the ferrobasaltic bulk magma in the Skaergaard Intrusion split 
into two immiscible conjugates from the behaviour of “quartzose xenoliths” in basic igneous magmas. 
Subsequently, field evidence of Si-rich pods and lenses in the upper reaches of the intrusion have been 
cited as evidence of immiscible Si-rich liquid segregations (e.g. McBirney, 1989; McBirney and 
Nakamura, 1974; Naslund, 1984; Stewart and DePaolo, 1990). More recently, coexisting Si-rich and 
Fe-rich inclusions in cumulus apatite provided direct evidence of an emulsion in the bulk magma as the 
cumulus grains crystallised (Jakobsen et al., 2005). Studies investigating the liquid line of descent also 
demonstrate the occurrence of liquid immiscibility in the bulk magma (McBirney, 1975; McBirney and 
Nakamura, 1974; Veksler et al., 2007; Veksler et al., 2008a). 
A variety of petrological and geochemical studies indicate the presence of intercumulus unmixing in 
the middle to upper reaches of the intrusion. This has been argued from the presence of reactive 
intercumulus microstructures including mafic symplectites, fish-hook pyroxenes, polycrystalline 
olivine rims on cumulus phases and serrated grain boundaries (Holness et al., 2011). Mineral chemistry 
(specifically TiO2 in plagioclase) has been used to constrain the spatial distribution and differential 
migration of interstitial immiscible liquids within the Skaergaard Intrusion (Humphreys, 2011). Overall, 
the debate surrounding silicate liquid immiscibility in Skaergaard is not whether unmixing occurred, 
but rather, when (e.g. Holness et al., 2011; Jakobsen et al., 2005; McBirney and Nakamura, 1974; 
McBirney and Naslund, 1990; Veksler et al., 2007; Veksler et al., 2008a). 
1.9.2 Sept Iles Intrusion, Canada 
The Sept Iles layered intrusion (some 80 km in diameter) crystallised from a ferrobasaltic bulk magma 
(Namur et al., 2015b) that followed a tholeiitic liquid line of descent, with two major magma influxes 
(Namur et al., 2010). Charlier et al. (2011); and Namur et al. (2012) suggest, based on the bimodal bulk-
rock compositions of the ferrogabbros, that unmixing was a significant differentiation process during 
the crystallisation of one of the three megacyclic units of the Layered Series. The physical separation 
of the Fe-rich and Si-rich liquids resulted in the formation of alternating bands of leucocratic and 
melanocratic gabbros on the 5-20 m scale, with the melanocratic bands comprising major P-Ti-Fe 
deposits. Evidence for unmixing is further supported by co-existing Fe-rich and Si-rich melt inclusions 
in apatite, which have a homogenisation temperature of 1100–1060°C (Charlier et al., 2011), implying 
unmixing occurred below this temperature interval. The stratigraphic distribution of particular 
symplectite structures (attributed to a reaction between cumulus primocrysts and an Fe-rich immiscible 
liquid following loss of the buoyant Si-rich conjugate (Holness et al., 2011)) are also used to suggest 
that unmixing occurred during progressive crystallisation (Namur et al., 2012).  
1.9.3 Bushveld Complex, South Africa 
The Rustenburg Suite of the Bushveld Complex, is the largest layered intrusion on Earth, covering over 
66,000 km2 and comprising mafic-ultramafic gabbroic cumulates, overlain by granites (Eales and 
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Cawthorn, 1996; Wager and Brown, 1968). The cumulates formed in an open system with multiple 
magma mixing and replenishment events (Cawthorn, 2015). There is a close association between oxide-
rich and phosphate-rich layers in the Complex. A number of different processes have been proposed for 
the origin of this layering, ranging from dynamic processes of crystallisation of a boundary layer and 
periodic overturn (Tegner et al., 2006), to silicate liquid immiscibility (e.g. VanTongeren and Mathez, 
2012). Reynolds (1985); Von Gruenewaldt (1993) suggested that the oxide-phosphate layering in the 
upper third of the Bushveld Complex formed from an immiscible Fe-rich liquid based on textural and 
compositional relations. Sharp changes in the concentration of REE in apatite have been used to infer 
intrusion-wide segregation in the upper third of the Complex (VanTongeren and Mathez, 2012). 
However, Cawthorn (2013) disputed the conclusions drawn from the apatite REE patterns 
(VanTongeren and Mathez, 2012) and instead suggested that the apatite geochemistry formed as a result 
of the trapped liquid shift effect, whereby cumulus crystals re-equilibrated with an evolved interstitial 
liquid. Incomplete separation of two immiscible conjugates in the upper third of the Bushveld Complex 
is hypothesised by Fischer et al. (2016) based on the compositions of apatite melt inclusions. Fischer et 
al. (2016); and Yuan et al. (2017) suggested that the partial segregation of immiscible liquids in the 
crystal mush could form the cyclic melanocratic (oxide-phosphate layers) to leucocratic layering 
observed in the upper third of the Bushveld Complex.  
In the Rustenburg Suite are Fe-rich ultramafic pegmatites. These are dominated by ferro-augite, olivine, 
magnetite and ilmenite. The coarse-grained isolated bodies have a variety of forms, including tubes, 
discs and complex branching morphologies that cut the stratigraphy (Cawthorn et al., 2000; Reid and 
Basson, 2002; Scoon and Mitchell, 1994; Viljoen and Scoon, 1985). They range from metres to a few 
kilometres in scale and have sharp contacts with the host gabbro. The whole rock composition of these 
Fe-rich pegmatites is analogous to the composition of an Fe-rich immiscible liquid, leading to 
suggestions that they formed from unmixing and replacement of anorthosites (Reid and Basson, 2002; 
Scoon and Mitchell, 1994). However, the nature of the processes forming these pegmatitic bodies is 
controversial (Veksler and Charlier, 2015). Further occurrences of such bodies are presented in Chapter 
5.  
1.9.4 Stillwater Complex, Montana, USA 
The Stillwater Complex is a mafic-ultramafic layered intrusion, with significant mineral deposits, that 
formed in an open system, with multiple magma injections (McCallum et al., 1980). A major feature of 
the Complex is the presence of anorthosite sheets, each several hundred meters thick (Hess and Smith, 
1960; Raedeke, 1982). Cumulus plagioclase from the anorthosite sheets host crystallised multiphase 
melt inclusions, which contain traces of Fe-rich liquids. Consequently, it has been suggested that either 
the anorthosite sheets crystallised from a Si-rich immiscible liquid, or that immiscibility occurred in 
compositional boundary layers around the crystallising plagioclase (Loferski and Arculus, 1993). 
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1.10  Implications for Ore Deposits 
Silicate liquid immiscibility has potential implications for the formation of ore deposits, specifically 
Fe-Ti-P ores in layered intrusions (e.g. Von Gruenewaldt, 1993), and by extension Kiruna-type or iron 
oxide-apatite (IOA) deposits. The origin of these ore bodies is controversial and has been attributed to 
both magmatic and hydrothermal processes (Chen et al., 2010; Dare et al., 2015; Frietsch, 1978; 
Hildebrand, 1986; Jonsson et al., 2013; Knipping et al., 2015; Nystroem and Henriquez, 1994). In 
particular, silicate liquid immiscibility and the subsequent segregation of an Fe–P-rich immiscible 
liquid from a Si-rich liquid is often invoked to explain the formation of Fe-rich melts (Chen et al., 
2010). These conclusions are based on the coexistence of two glass compositions in the matrix and in 
the melt inclusions of the phenocrysts. Until recently, there has been a lack of experimental evidence 
for unmixing at conditions suitable for IOA formation. However, Hou et al. (2018) performed 
experiments at magmatic reservoir conditions relevant to most subvolcanic IOA deposits (i.e. 
at 100 MPa, 1000–1040 °C, elevated fO2 and H2O) and showed that liquid immiscibility is the key 
process in their formation. This has significance for the future refinement of models for IOA deposits 



































2 MICROSTRUCTURAL EVOLUTION OF SILICATE 
IMMISCIBLE LIQUIDS IN FERROBASALTIC EXPERIMENTS 
---- 
A version of this chapter is published as: 
Honour, V.C., Holness, M.B., Partridge, J.L. and Charlier, B., 2019. Microstructural evolution of 
silicate immiscible liquids in ferrobasalts. Contributions to Mineralogy and Petrology, 174(9): 77. 
I prepared the samples and planned the experimental set-up. Charlier, B. ran the experiments. I 
undertook the subsequent analyses. The Matlab script used for image analysis was developed in 
collaboration with Partridge, J.L., who is a co-author on the manuscript. Data processing and 
interpretation of the results were my own work.  




Co-existing Fe- and Si-rich melt inclusions (e.g. Fischer et al., 2016; Jakobsen et al., 2005; Jakobsen et 
al., 2011; Luais, 1987; Roedder and Weiblen, 1970c) and Fe-rich droplets dispersed in Si-rich glassy 
mesostasis in rapidly cooled natural examples (e.g. De, 1974; Philpotts, 1982; Philpotts and Doyle, 
1980), provide evidence of immiscibility in ferrobasaltic liquid. The physical behaviour of these 
immiscible liquids in a crystal mush may play an important role in the evolution of mafic intrusions, 
particularly if there is relative movement of the two liquids (e.g. Holness et al., 2011; VanTongeren and 
Mathez, 2012; Zhou et al., 2013).  
Published experimental work on liquid immiscibility in ferrobasalts has primarily assessed the 
conditions (e.g. temperature, pressure, composition, fO2) under which unmixing occurs, evolving in 
experimental complexity from five-component systems (e.g. Naslund, 1976; Visser and Koster Van 
Groos, 1976) to complex multiphase systems that more closely replicate basaltic liquids (e.g. Charlier 
and Grove, 2012; Hou et al., 2018; Hou et al., 2017; Hou and Veksler, 2015; Veksler et al., 2008b). 
There is little corresponding work on the microstructural evolution of systems containing immiscible 
liquids, despite its importance in controlling mass transport and large-scale chemical fractionation.  
Veksler et al. (2010) measured the interfacial tension between co-existing Fe-rich and Si-rich unmixed 
liquids and showed that, as expected, it increases with decreasing temperature as the liquids become 
more dissimilar in composition. The unmixed liquids in experimental charges are observed to separate 
with either sharp or diffuse interfaces (Charlier and Grove, 2012; Dixon and Rutherford, 1979; Hou and 
Veksler, 2015; Longhi, 1990; Philpotts and Doyle, 1983; Veksler et al., 2008b). The diffuse interfaces 
have been attributed to slow chemical diffusion (Hou and Veksler, 2015). Cooling rate affects the size 
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of the immiscible Fe-rich droplets and the extent of coarsening (Martin and Kushiro, 1991). The 
differential flow of the two immiscible liquids in a porous medium, driven by density differences, has 
been investigated in fluid dynamical models (Dufek, 2016; Hassanizadeh, 2016), but these models do 
not account for any control on liquid migration through a crystal mush by the effect of emulsion 
coarsening, or different wetting properties of the two liquids (about which little is known, despite the 
importance of wetting angle in sintering and grain boundary formation (German et al. 2009)).  
What is currently missing is a systematic, quantitative study of the kinetics of unmixing and 
microstructural evolution of immiscible liquids in basaltic systems. Here, I report the results of an 
experimental study designed to address this gap in our understanding with some comparisons to natural 
samples. Anhydrous one-atmosphere crystallisation experiments on ferrobasaltic compositions were 
conducted, in which unmixing manifests by the separation of Fe-rich droplets in a continuous Si-rich 
phase. I analysed the resultant microstructures to provide insights into the processes controlling the 
physical behaviour of unmixing and coarsening of immiscible liquids in a crystal mush. Using 
backscatter electron images on 2D slices through the experimental charges, I quantified the wetting 
angles of Fe-rich droplets on crystal phases, produced droplet size distributions (DSDs), and linked 
these textural characteristics to the spatial distribution and composition of the Fe-rich droplets.  
2.2 Experimental methods and analytical procedures 
2.2.1 Starting materials 
I chose a sample of monzonitic composition from the Sept Iles Intrusion (Quebec, Canada), sample 03-
41, that has been studied by Namur et al. (2011) and Charlier and Grove (2012) (Table 2.1). The sample 
originally contained 165 ppm Ce, 103 ppm Y and 786 ppm Zr. I doped the starting composition to reach 
1000 ppm for these elements and also for Rb; the former three elements preferentially partition into an 
immiscible Fe-rich liquid, whereas the latter preferentially partitions into an immiscible Si-rich liquid 
(Veksler et al., 2006).  
Data I obtained from microstructural analysis of seven experimental charges produced by Charlier and 
Grove (2012) are also presented in this study. These charges have starting compositions of sample 03-
41 from the Sept Iles Intrusion (Canada; experiments: SI-5, SI-8, SI-9) and an intermediate basalt from 
the Mull Tertiary volcano (Scotland; experiments: M-9, M-5, M-6, M-7; Table 2.1). Both localities 
preserve evidence of immiscibility (Charlier et al., 2011; Namur et al., 2012; Philpotts, 1982). 
2.2.2 Experimental techniques 
Anhydrous one-atmosphere experiments were performed using a GERO HTRV 70-250/18 vertical tube 
furnace at the University of Liège, Belgium. The starting materials were suspended in the hot spot of 
the furnace (ca. 5 cm with a temperature within ± 1°C). The sample temperature was measured using a 
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Pt–Pt90Rh10 thermocouple calibrated to the melting points of Ag and Au. The experimental charge was 
prepared on a 0.2 mm iron–platinum alloy loop, which I previously annealed with 11 wt.% Fe added 
by electroplating to prevent Fe loss to the alloy during the experiment (Grove, 1982). The oxygen 
fugacity in the alumina tube was controlled using mixtures of high-purity CO and CO2 flushed from 
bottom to top. Bronkhorst gas flow controllers were used to control the flow rate at 0.12 cm/s. The 
furnace tube, the water-cooled flange, and the gas connections form a gas-tight system. The oxygen 
fugacity was monitored using a zirconium dioxide oxygen sensor and was kept at the QFM buffer. Prior 
to experiments some sample pellets were heated to 1104°C at QFM while others were heated in a muffle 
furnace in air to 1150°C (see section 2.3.5.5 for implications), both sets were quenched in air. 
Table 2.1. Compositions of starting materials (wt.%) (Charlier and Grove, 
2012; Philpotts and Philpotts, 2005) 









Whole rock XRF 
(Philpotts & Philpotts, 
2005) 
SiO2 57.91 54.9 54.22 53.4 
TiO2 2.07 2.40 3.99 1.67 
Al2O3 14.78 13.40 12.55 13.81 
FeO 10.57 14.40 11.88 11.7 
MnO 0.09 0.19 0.19 0.2 
MgO 2.16 3.35 3.62 5.2 
CaO 4.69 6.36 6.94 8.9 
Na2O 4.51 2.31 2.87 2.6 
K2O  2.64 1.45 1.60 1.2 
P2O5 0.78 0.92 0.91 0.2 
Total 100.20 99.68 98.78 98.88 
Mg# 26.5 29.0 21.5 28.6 
 
The experimental run conditions are detailed in Table 2.2. Nine experimental charges were cooled at 
1°C/h to different temperatures and quenched in water (Fig. 2.1). Pre-quench temperatures of the 
experimental charges ranged from 1150˚C to 955˚C. An additional six samples were cooled at 1°C/h 
and then held isothermally at 1021°C or 1000°C for up to 158 h or 182 h respectively. These 
experiments, which I describe as “isothermal” for simplicity, were quenched in water after different 
dwell times (at 1021°C: t12 = 12 h, t40 = 40 h, t158 = 158 h; at 1000°C: t18 = 18 h, t62 = 62 h, t182 = 182 h). 
Experiments were held at 1100°C prior to cooling to ensure equilibration at QFM. Unless described as 
experimental charges that were subjected to an isothermal dwell time, the temperatures used to describe 
26 
 
the experimental charges are the pre-quench temperatures, after 1°C/h cooling with no time spent 
isothermally. 
Table 2.2. Experimental conditions and phases present; gl glass, pl plagioclase, ol olivine, aug augite, pig 
pigeonite, il ilmenite, tmt titanomagnetite, mt magnetite, wht whitlockite; italicised final temperatures denote 











method Starting preparation Phases present 
VIC08 1100 1050 74 1°C/h Melted to 1150C - muffle furnace gl, pl, aug, pig, mt 
VIC06 1100 1030 94 1°C/h Melted to 1104°C @ QFM 
gl Si, gl Fe, pl, ol, aug, 
pig, tmt, mt 
VIC08 1100 1025 99 1°C/h Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
pig, mt, wht 
VIC08 1100 1010 114 1°C/h Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
pig, mt, wht 
VIC06 1100 1010 114 1°C/h Melted to 1104C @ QFM 
gl Si, gl Fe, pl, ol, aug, 
pig, mt, wht 
VIC07 1100 1005 119 1°C/h Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
pig, mt, wht 
VIC09 1100 1000 124 1°C/h Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
mt, wht 
VIC09 1100 980 144 1°C/h Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
pig, mt, wht 
VIC09 1100 955 169 1°C/h Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
pig, mt, wht 
VIC10 1100 1021 115 Isothermal Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
pig, mt. wht 
VIC10 1100 1021 143 Isothermal Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
pig, mt, wht 
VIC10 1100 1021 261 Isothermal Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
pig, mt, wht 
VIC06 1100 1000 142 Isothermal Melted to 1104°C @ QFM 
gl Si, gl Fe, pl, ol, aug, 
pig, mt, wht 
VIC07 1100 1000 186 Isothermal Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
pig, mt, wht 
VIC07 1100 1000 306 Isothermal Melted to 1150C - muffle furnace 
gl Si, gl Fe, pl, aug, 
pig, mt, wht 
 
2.2.3 Natural samples 
I chose two well-characterised natural examples of liquid immiscibility for preliminary microstructural 
comparisons with the experiments, based on their similarities in composition and temperature history 
to the experiments (Table 2.1): 1) the 1976 drill core from the Kīlauea Iki lava lake in Hawaii, USA 
(e.g. Helz, 1980); and 2) the Cohassett flood-basalt flow, Hanford, Washington, USA (e.g. Philpotts 




Figure 2.1 Temperature-time paths for experimental runs with a constant cooling rate 
(Table 2.2). There is a variable duration along a final isothermal plateau for two different 
experiments held at different temperatures (1000°C and 1021°C). The duration (in hours; 
Z) that each experiment was held at for that temperature are indicated by tZ. a = the 
cooling rate of the experiments. 
2.2.4 Analyses 
The experimental charges were split and mounted in epoxy. The charges were analysed using a Quanta 
FEG 650 F SEM at the Department of Earth Sciences, University of Cambridge, using a 10 kV beam 
at spot 3, with a 30 µm aperture and a working distance of 10 mm. This provided semi-quantitative 
mineral compositions, element energy dispersive X-ray spectroscopy (EDS) maps and back-scatter 
electron (BSE) imagery (Fig. 2.2a-d). Images (3072 x 2048 pixels in size) were collected from transects 
across each experiment, with a dwell time of 20 µs.  
The area of each Fe-rich droplet, and the number of droplets, were quantified from BSE images using 
Matlab R2017b. The smallest effective droplet diameter that could be resolved for image analysis was 
0.25 µm. There are two types of Fe-rich droplet (Fig. 1.6): attached droplets are in contact with a crystal 
phase, whereas isolated droplets are (at least in the 2D plane of the image) surrounded by glass (Fig. 
2.2e-f). I measured attached droplets and isolated droplets separately. The effective diameters of all Fe-
rich droplets (as viewed in 2D) were calculated from their area, assuming a circular shape. The true, 
3D, distribution of droplet sizes was calculated using CSDCorrections1.6 (Higgins, 2000), assuming a 
spherical shape and using a logarithmic base 2 scale to calculate bin sizes.  
The wetting angle of Fe-rich droplets in contact with plagioclase, magnetite and pyroxene was 
determined from populations of >25 apparent wetting angles per experimental charge, using 
CorelDRAW X7 to measure the angle from the crystal surface through the Fe-rich droplet in BSE images 
(Fig. 2.2f) (Mungall and Su, 2005; Rotenberg et al., 1983).  Measurements were taken for both sides of 
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each droplet, and all discernible attached droplets in each image were measured. The median of a 
population of at least 25 measurements of apparent (2D) angles is within a few degrees of the true (3D) 
angle (Riegger and Van Vlack, 1960). I determined the 95% confidence intervals for the true (3D) angle 
following Stickels and Hucke (1964).  
Following the methodology outlined by Holness (2014), the ‘fit ellipse’ function in ImageJ software 
was used to calculate plagioclase apparent aspect ratios from measurements of the long and short axes 
of a minimum of 250 plagioclase grains per sample, from BSE images. In each image, all discernible 
plagioclase grains were measured. I use the parameter AR, defined as the average apparent aspect ratio 
of plagioclase as viewed in thin section (e.g. Boorman et al., 2004; Holness et al., 2017a); this can be 
used as a measure of grain shape with no associated assumptions about the range of 3D shapes (c.f. 
Higgins, 1994), and changes systematically with cooling rate (Holness, 2014). The 95% confidence 
intervals for AR were calculated using bootstrap sampling. Average apparent plagioclase grain sizes 
were quantified using the long axis of a minimum of 250 plagioclase grains, for which the length was 
determined using the perimeter function in ImageJ software. 
Mineral and glass compositions were measured using a CAMECA SX-100 electron microprobe with 
five WDS spectrometers at the Department of Earth Sciences, University of Cambridge. The instrument 
uses PeakSight software with ZAF correction. Appropriate natural and synthetic primary standards were 
used. The glass analyses were run at 15 kV, 4 nA with a defocused 10 µm, 5 µm and 2 µm beam. 
Regardless of the beam size, 40 analyses of natural and synthetic glasses (Basalt glass Makaopuhi Lava 
Lake HI NMNH 113498-1 A-99; and Corning Glass Reference ‘D’ NMNH 117218-3) had standard 
deviations of 0.5 wt.% or less for all elements (Appendix Table 2.A). Na and Si were analysed on peak 
for 10 s; Al for 20 s; K, Ca, Mg and Fe for 30 s; Mn and Ti for 40 s, and P, Y, Zr and Ce for 60 s. 
Mineral compositions were analysed at 15 kV, 10 nA with a focused beam; Na and Si were analysed 
for 10s on peak, Al for 20 s, Ca, Mg, K, Ti and Mn for 30 s, and Fe for 40 s. Relevant mineral and glass 
secondary standards were run at regular intervals to check for precision and reproducibility. The 
experimental phase composition analyses generally had standard deviations below 1 wt.%. Analyses 
were normalised to an internal standard (Basalt glass Makaopuhi Lava Lake HI NMNH 113498-1 A-
99 and fayalite, Rockport, NMNH 85276) for consistency between runs. The mineral phases were 
analysed on their rims. Analyses of Fe-rich immiscible droplets were challenging due to the typically 
small area presented (<25 µm²), together with the unknown 3D droplet shape creating uncertainty about 
the electron beam interaction volume (this was modelled using Casino v2.48 software (Drouin et al., 
2007)). Hence, while each droplet was analysed in its apparent centre, there may have been a component 
of mixing with the surrounding Si-rich conjugate.  
Electron backscatter diffraction (EBSD) data were collected to obtain crystallographic orientations of 
pyroxene, titanomagnetite and whitlockite, at the Department of Earth Sciences, University of 
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Cambridge, using a Quanta FEG 650 F SEM. Data collection, indexing, analysis of electron backscatter 
diffraction patterns, EBSD maps and pole figures were processed by Bruker Esprit 2.1 software and the 
MTEX Toolbox run in Matlab R2017b.  
 
Figure 2.2 Backscatter electron (BSE) images of the experimental charges at different temperatures with 
constant cooling of 1°C/h. (a) Fe-rich droplets, at 1025°C, are attached to plagioclase and isolated in the 
interstitial Si-rich glass. Note the feathery fringes on the pyroxene and magnetite. (b) Fe-rich droplets at 
1010°C, with bigger attached droplets than isolated droplets. The isolated droplets preferentially surround the 
plagioclase grains, avoiding the mafic phases. (c) Immiscibility at 1000°C with Fe-rich droplets situated close 
to plagioclase, and a droplet-free zone around pyroxene and magnetite. (d) The Fe-rich droplets are uniformly 
distributed at 955°C. (e) A cartoon depicting the difference in size and frequency of attached versus isolated 
Fe-rich droplets. (f) A cartoon illustrating the apparent wetting angle of an Fe-rich droplet on a crystal face. 





2.3.1 Phase composition 
Glass, plagioclase, augite and pigeonite are the major phases in each experimental charge, with 
accessory magnetite, whitlockite (a calcium phosphate) and rare dendritic ilmenite and olivine (Table 
2.2). Phase compositions are presented in the Appendix Table 2.B. At 1030°C and below, the glass 
comprises Fe-rich droplets dispersed within a continuous Si-rich phase (Fig. 2.2). Due to volatile loss 
in the anhydrous one-atmosphere experiments, whitlockite crystallises instead of apatite, with a similar 
arrival point on the liquidus (Tollari et al., 2006). At a constant cooling rate of 1˚C/h, and with no 
isothermal dwell time, the volume of the solid fraction increases with decreasing temperature: for 
example, the experimental charge quenched at 955°C has a solid fraction of 57% (in 2D cross-section). 
Given a constant cooling rate of 1˚C/h, plagioclase An# (mol.%) evolves from An48 at a temperature of 
1100°C to An29 at 955°C; the plagioclase grains are normally zoned. In the same temperature interval, 
the Mg# (mol.%) of augite and pigeonite decreases from 46 to 42 and from 56 to 54, respectively. In 
the experiments in which olivine is present (Table 2.2), the forsterite number (mol.%) was 49 at 1030°C, 
decreasing to 48 at 1010°C and 43 at 1000°C after 18 h dwell time at 1000°C (t18). 
The “isothermal” experiments were cooled at a constant rate of 1˚C/h, and then held at 1021°C and 
1000°C for 158 h and 182 h respectively. The experimental charges contain glass, plagioclase, augite 
and pigeonite as the major phases, with accessory magnetite and whitlockite. Olivine is present in the 
experimental charge t18 at 1000°C. Bulk crystallinity (with the solid component dominated by 
plagioclase) increases with isothermal dwell time, and with decreasing isothermal dwell temperature: 
from 28% at 1021°C t12 to 32% at t158; and from 30% at 1000°C t18 to 37% at t182. The average plagioclase 
An# (mol.%) decreases as isothermal dwell time increases: at 1021°C from An37 at t12, to An35 at t158, 
and at 1000°C from An40 at t18, to An37 at t182. Augite Mg# decreases with increased dwell time. 
2.3.2 Microstructure 
2.3.2.1 The silicate liquid immiscibility binodal 
The term ‘binodal’ describes the field of liquid immiscibility - the region on a phase diagram below 
which it is energetically favourable for a single liquid phase to unmix. Unmixing of a cooling liquid 
commonly occurs simultaneously with crystal growth and can occur by nucleation of droplets of the 
volumetrically minor phase. Such nucleation is limited by thermodynamic and kinetic barriers. 
Alternatively, unmixing can occur by spontaneous spinodal decomposition if the liquid experiences a 
large, (near-) instantaneous undercooling (Cahn, 1961). There are no thermodynamic barriers to 
spinodal decomposition; however, there will be kinetic limitations. The typical microstructure 
indicative of spinodal decomposition is “a highly inter-connected fat spaghetti-like structure which 
contrasts with the separated growing blobs associated with nucleation and growth” (Elliott, 1989).  
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2.3.2.2 Immiscible liquids 
In the experimental charge quenched at 1030°C, Fe-rich droplets are concentrated in the interstices of 
skeletal plagioclase. In the experimental charges quenched at, or below 1025°C, Fe-rich droplets are 
widely distributed (Fig. 2.2a), either isolated in the continuous Si-rich glass, or attached to crystal 
surfaces. Fe-rich droplets preferentially attach to plagioclase, but at temperatures <1005°C they are also 
commonly attached to magnetite and pyroxene.  
A single plagioclase face can have many attached Fe-rich droplets, ranging in diameter from sub-micron 
to 10 µm (as measured in 2D). The number and/or size of the attached Fe-rich droplets does not correlate 
with plagioclase grain size; however, crystal faces with large attached droplets (>6 µm diameter) tend 
to be associated with fewer, small, attached droplets. Close to the top of the binodal (e.g. 1025°C), 
single large Fe-rich droplets are commonly attached to the fastest growth faces of the plagioclase (i.e. 
those faces perpendicular to (010)). At lower temperatures (1010°C to 955°C), the Fe-rich droplets 
show no consistent preference for any particular crystal face, regardless of the nature of the substrate. 
Mafic crystals rarely have multiple attached droplets. Instead, the crystal faces may be covered by a 
single droplet with a low apparent wetting angle.  
Isolated Fe-rich droplets vary from sub-micron to 10 µm in diameter (viewed in 2D). Rare examples of 
droplet coalescence are preserved (Fig. 2.3). Isolated droplets in experimental charges run at 
temperatures <1005°C are larger on average than attached droplets. The spatial distribution of isolated 
droplets in the experimental charges is highly heterogeneous, with large droplet-free volumes (>20 µm2 
in 2D), contrasting with abundant droplets in semi-enclosed regions surrounded by plagioclase (Fig. 
2.2b). A 5–15 µm wide Fe-rich droplet-free zone often surrounds pyroxene, oxide and whitlockite. 
Furthermore, there is commonly a 2–4 µm wide droplet-free boundary zone between droplets attached 
to plagioclase grains and droplets isolated in the surrounding Si-rich glass (Fig. 2.2b). The Fe-rich 
droplets become more uniformly dispersed in the Si-rich glass with longer isothermal dwell times. 
 





The pyroxene grains display two main features (Fig. 2.2): (1) epitaxial growth of titanomagnetite on 
planar faces, observed at 1050°C and below; and (2) feathery fringes, 1–3 µm wide, observed at 1025°C 
and below. These feathery fringes comprise a marginal growth structure of crystalline, approximately 
oval, inclusions along the margins of the pyroxene grains, defining the euhedral core of the grain, and 
generally with a consistent shape orientation. They are found on any crystal face and are comprised 
chiefly of a mineral phase dominated by P and Ca, with a crystalline diffraction pattern most consistent 
with that of whitlockite. The whitlockite has a preferred orientation relationship with respect to each 
augite crystal face; however, this does not appear to consistently correlate with particular crystal faces 
of either whitlockite or augite. Features (1) and (2) are found on the same grain, but never on the same 
crystal face (Fig. 2.2c). Hammer et al. (2010) report a similar epitaxial relationship between 
clinopyroxene and titanomagnetite, with one of the symmetrically equivalent {110} faces of 
titanomagnetite aligned with the clinopyroxene (010) face. The clinopyroxene-titanomagnetite epitaxial 
relationship and the feathery fringes are also visible in natural samples from the Cohassett lava flow, 
USA (Fig. 2.4a).  
 
Figure 2.4 Microstructures in BSE images from (a) the Cohassett flow, USA, showing 
epitaxial growth of titanomagnetite along planar pyroxene faces and feathery fringes on 
pyroxene. (b) from the experiments: plagioclase laths with pillar structures along crystal 
faces, enclosed by an attached Fe-rich droplet of slightly larger diameter than the pillar. (c) 
from the Cohassett flow: pillar structures, enclosed by Fe-rich droplets on plagioclase. (d) 
from the Kīlauea Iki lava lake: a pillar structure enclosed by an Fe-rich droplet on plagioclase; 
(d’) a Ca EDS map of image (d). 
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2.3.2.4 Plagioclase  
In experimental charges quenched at 1010°C and 1000°C, plagioclase laths develop pillar structures 
along crystal faces perpendicular to [001] that protrude 2–5 µm outward into the surrounding glass (the 
interstitial glass is >45 modal % of the experimental charge). The pillars (first described by Philpotts 
(1981b)) are 3–7 µm wide, and are each enclosed by an attached Fe-rich droplet of slightly larger 
diameter (Fig. 2.4b). Several pillars may be present on a single plagioclase crystal face, giving a 
crenulated appearance to the plagioclase edge, analogous to medieval castle battlements. Plagioclase 
pillars are also present in samples from the entablature of the Cohassett lava flow, USA (Fig. 2.4c), and 
in the upper crust of the Kīlauea Iki lava lake, Hawaii, USA (Fig. 2.4d). In the Kīlauea Iki samples, the 
pillars are observed in samples quenched (by water during drilling) at 1017°C; this is comparable to the 
temperature of the experimental charges showing this microstructure. In my experimental charges and 
the natural samples, the pillars are more albitic than the substrate plagioclase (Fig. 2.4d’) and the contact 
between the two compositional regions is sharp.  
Overall, plagioclase grain sizes increase with decreasing temperature (Table 2.3). Plagioclase growth 
rates were calculated assuming a constant cooling rate of 1°C/h from the time when the experimental 
charge reached 1050°C (when plagioclase starts nucleating) to when it was quenched (Fig. 2.1), and 
using the maximum observed long axis of the plagioclase grains as viewed in the 2D images. Calculated 
plagioclase growth rates range from 1.39 x 10-10–2.32 x 10-10 m/s (Table 2.3).  
Table 2.3 Plagioclase apparent sizes and growth rates. Italicised values denote those experiments 





























VIC08 1050 285 3.19 60.92 13.83 1.80 2.29E-10 5.19E-11 16 
VIC06 1030 273 9.65 513.09 78.97 4.68 1.52E-09 2.33E-10 27 
VIC08 1025 397 3.95 82.66 19.60 2.34 2.32E-10 5.50E-11 32 
VIC08 1010 295 3.92 57.00 20.10 2.18 1.39E-10 4.90E-11 29 
VIC06 1010 267 7.59 431.84 83.11 3.96 1.05E-09 2.03E-10 27 
VIC07 1005 333 3.24 72.20 17.62 2.38 1.69E-10 4.11E-11 31 
VIC09 1000 269 6.35 90.01 26.08 2.11 2.02E-10 5.84E-11 35 
VIC09 980 371 5.81 76.99 22.80 2.12 1.49E-10 4.40E-11 36 
VIC09 955 460 4.04 100.18 22.19 2.34 1.65E-10 3.65E-11 43 
 
Regardless of the temperature on quenching, plagioclase aspect ratios in my experimental charges are 
constant at ~2.1 (Table 2.3), with the exception of those in the charges that were not prepared in the 
muffle furnace (Table 2.2). These charges have a higher plagioclase aspect ratio of 4.3 and a faster 
plagioclase growth rate of 1.05x10-9–1.52x10-9 m/s (Table 2.3). There is no relationship between the 




Below 1025°C, magnetite locally develops feathery fringes, analogous to the pyroxene marginal growth 
structures, on at least two, but not all, of the intersected crystal faces (Fig. 2.2a). The elongated oval-
shaped grains in the fringe are whitlockite. Feathery fringes are also visible on magnetite in natural 
samples from the Cohassett lava flow, USA. Fe-rich droplets wet the surface of magnetite with a low 
wetting angle against the sharply defined planar growth face of the magnetite (Table 2.4). Fe-rich 
droplets do not wet a surface with a feathery fringe. At lower temperatures (<1005°C), Fe-rich droplets 
commonly wet magnetite grains, which tend to form clusters and are commonly associated with tabular 
grains of whitlockite.  
2.3.3 Glass compositions  
2.3.3.1 Constant cooling experiments  
In experimental charges quenched above 1030°C (i.e. above the binodal), the glass phase has relatively 
constant major element concentrations (Appendix Table 2.B). Minor incompatible elements such as 
ZrO2, Y2O3 and P2O5, increase in concentration in the glass as crystallisation progresses. For example, 
P2O5 concentrations in the glass rose from 0.8 wt.% at 1150°C to 1.2 wt.% at 1050°C. With the onset 
of unmixing apparent at 1030°C, the Si-rich glass SiO2 concentration increases down-temperature from 
57 wt.% to 70 wt.% at 955°C: the opposite trend is observed for FeO, which decreases in concentration 
in the Si-rich glass at lower temperatures. Similarly, ZrO2, Y2O3 and P2O5 concentrations decrease in 
the Si-rich glass (Ce2O3 concentrations were below EPMA detection). The P2O5 concentration decreases 
from 1.3 wt.% at 1030°C, to 0.5 wt.% at 955°C. Crystallisation and unmixing occur simultaneously: 
the onset of unmixing coincides with the onset of whitlockite crystallisation, and the observed decrease 
in P2O5 concentration in the Si-rich glass is thus a consequence of both whitlockite crystallisation and 
the unmixing of an Fe-rich liquid.  
The FeO concentration of those Fe-rich droplets large enough to be analysed by EPMA increases 
steadily from 22 to 24 wt.% as the temperature decreases from 1025°C to 955°C. Likewise, ZrO2, Ce2O3 
and P2O5 concentrations increase in the (larger) Fe-rich droplets: P2O5 concentrations rise from 5.7 wt.% 
at 1025°C to 11.7 wt.% at 955°C. Over the same temperature interval, SiO2 concentration in the Fe-rich 
droplets decreases from 38 to 29 wt.%.  
I plot the glass composition data as a function of NBO/T (where NBO is the number of non-bridging 
oxygens, T is the tetrahedrally coordinated network forming cations: Si + Al + P + Ti). This can be used 
as a measure of the degree of polymerisation in silicate melts (Mysen, 1983). The NBO/T for Fe-rich 
droplets increases with decreasing temperature; conversely, the NBO/T for the Si-rich phase decreases. 
Thus, the immiscibility field expands with decreasing temperature (Fig. 2.5). The density of the Si-rich 
melt, with the composition of the Si-rich glass, (calculated according to Bottinga and Weill (1970)) 
decreases from 2.6 to 2.4 g/cm3 over an experimental temperature drop of 1025°C to 955°C. The density 
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of Fe-rich melt, with the composition of the Fe-rich glass, increases from 2.9 to 3.0 g/cm3 over the same 
70°C interval (Appendix Table 2.B). The calculated viscosity (Giordano et al., 2008) for liquids with 
the composition of the Si-rich glass increases from 104 Pa.s at 1050°C to 107 Pa.s at 955°C. The 
calculated viscosity for the corresponding Fe-rich liquid remains relatively constant as temperature 
decreases, with a viscosity ranging from 104 Pa.s to 103 Pa.s (Appendix Table 2.B). 
Table 2.4. Wetting angle (WA) measurements of the Fe-rich droplets attached to mineral phases for the 
experiments presented here; and measurements collected from experiments with a Mull and Sept Iles starting 
composition from the study of  Charlier and Grove (2012). Italicised values denote those experiments prepared 


























Experiments from this study 
VIC06 1030 0 81 29 12 8 - - - - 
VIC08 1025 0 93 196 2 2 - - - - 
VIC08 1010 0 101 112 3 3 24 21 11 2 
VIC06 1010 0 121 143 2 2 25 6 5 14 
VIC07 1005 0 115 122 4 5 - - - - 
VIC09 1000 0 118 210 3 3 23 38 4 3 
VIC09 980 0 125 121 3 3 26 40 2 2 
VIC09 955 0 127 221 3 2 33 29 5 7 
VIC10 1021 12 112 119 5 4 - - - - 
VIC10 1021 40 108 189 2 5 - - - - 
VIC10 1021 158 114 85 1 2 - - - - 
VIC06 1000 18 118 168 1 2 23 14 7 3 
VIC07 1000 62 121 141 2 2 20 44 2 3 
VIC07 1000 182 119 101 3 4 20 30 8 8 
Sept Iles experiments (experimental details in Charlier & Grove, 2012) 
SI-5 1006 96 118 54 2 6 - - - - 
SI-8 963 48 120 83 2 3 - - - - 
SI-9 938 72 123 105 1 2 - - - - 
Mull experiments (experimental details in Charlier & Grove, 2012) 
M-9 1020 64 74 122 3 3 - - - - 
M-5 1005 92 81 103 3 2 - - - - 
M-6 963 48 86 108 1 2 - - - - 





Figure 2.5 Temperature as a function of the degree of polymerisation (NBO/T, T = 
Si + Al + P + Ti), the dashed line represents the maximum compositional space where 
these experiments show evidence of unmixing. As a comparison, immiscible liquid 
analyses are plotted from Charlier and Grove (2012) for Sept Iles and Mull 
compositions. 
2.3.3.2 Isothermal experiments  
The SiO2 concentration in the Si-rich glass increases from 66 to 69 wt.% over the 146 h that the 
experimental charges were held at 1021°C; and from 66 to 71 wt.% over the 164 h the charges were 
held at 1000°C. FeO concentrations in the Si-rich glass decrease with longer isothermal dwell times, 
from 7.0 to 4.7 wt.% FeO between experimental charges t12 and t158 at 1021°C; and from 7.5 to 4.1 wt.% 
FeO between experimental charges t18 and t182 at 1000°C. Consequently, the NBO/T values for the Si-
rich glass decrease as dwell time increases.  
Conversely, the NBO/T and Mg# of the Fe-rich droplets increase with isothermal dwell time, as does 
the concentration of P2O5, Ce2O3 and ZrO2. The concentration of P2O5 increases by 50% over 146 h, 
from 8.9 wt.% to 13.3 wt.%, in experimental charges held at 1021°C prior to quenching, and 148% over 
164 h, from 5.9 wt.% to 14.6 wt.%, in experimental charges held at 1000°C. The SiO2 concentration of 
the Fe-rich droplets decreases with dwell time; there is a faster rate of decrease in the experimental 
charges held at the 1000°C isothermal plateau compared to those held at 1021°C. 
2.3.4 Wetting angles 
The population of measured apparent wetting angles of the Fe-rich liquid on plagioclase is typically 
unimodal (Fig. 2.6), with the exception of the experiment quenched at 1030°C, which is bimodal.  
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The 3D wetting angle (determined as the median of the population of 2D apparent wetting angles) 
increases as the temperature decreases from 93° ± 2° at 1025°C to 127° ± 3° at 955°C (Table 2.4, Fig. 
2.7a). The largest wetting angle is associated with the lowest NBO/T value of the surrounding Si-rich 
phase and the highest NBO/T value of the Fe-rich phase, i.e. when the continuous phase is most 
polymerised and the Fe-rich phase is least polymerised (Fig. 2.7b). The wetting angles do not vary as a 
function of increasing isothermal dwell time prior to quenching (Fig. 2.7c).  
The wetting angle of Fe-rich droplets on oxides is constant at ~24° between 1030–1005°C, increasing 
to 33° ± 6° at 955°C. While the number of wetting angle measurements of Fe-rich droplets on pyroxene 
were insufficient to provide a statistically robust median value, the measurements obtained suggest  
 
Figure 2.6 Frequency plots showing the populations of apparent wetting angle measurements for experimental 
charges that have undergone (a) constant cooling; (b) constant cooling and then were held isothermally at 
1021°C between t12 to t158 and at 1000°C between t18 to t182. 
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angles between 23–32° over the temperature 
range 1025°C to 980°C. Additional wetting 
angle measurements were made on the Charlier 
and Grove (2012) experimental charges with a 
Mull and Sept Iles starting composition (Table 
2.4); these corroborate the trends from my 
experiments.  
2.3.5 Nucleation kinetics 
2.3.5.1 Volume of immiscible liquid 
In experimental charges that were continuously 
cooled (1°C/h) and then quenched, the 
proportion of Fe-rich droplets in the glass 
increases and then decreases relative to the 
continuous Si-rich phase with decreasing 
temperature. At 1025°C the Fe-rich droplets 
comprise 5 vol.% of the total glass; at 1000°C 
they comprise 7 vol.%; and at 955°C they 
comprise 4 vol.% (Table 2.5). This trend 
follows that of the relative percentages of the 
two phases calculated from the asymmetric 
silicate liquid immiscibility binodal (Fig. 2.5). 
In experimental charges with longer isothermal 
dwell times, the proportion of Fe-rich glass 
decreases. 
2.3.5.2 Droplet size distribution: constant 
cooling evolution 
A preliminary evaluation of the size and 
number of Fe-rich droplets as a function of 
temperature after cooling at a constant rate can 
be made by inspecting Fig. 2.2. The number 
density of Fe-rich droplets (as viewed in 2D, 
combining both attached and isolated droplets) 
decreases between 1025°C and 955°C, from 72 
to 33 Fe-rich droplets per mm2 of glass (Table 
2.5). There is little variation in the number of  
 
Figure 2.7 Wetting angle for the Fe-rich immiscible 
liquid plotted against (a) temperature; (b) NBO/T for the 
Si-rich liquid, where T = Si + Al + P + Ti, which 
represents the degree of polymerisation of the 
surrounding liquid; (c) wetting angle for the Fe-rich 
droplets on plagioclase plotted against dwell time (h).  
39 
 
attached droplets over the investigated 
temperature interval, whereas the number 
of isolated droplets decreases.  
During constant cooling from the onset of 
unmixing to 1000°C, attached droplets 
have a larger average effective diameter, 
as viewed in 2D (dAT), than isolated 
droplets (dIS) (Fig. 2.8 and 2.9). The dIS 
increases with decreasing temperature, 
from 0.78 to 0.98 µm. Below 1000°C, 
isolated and attached droplets have 
comparable average effective diameters 
(Table 2.5).  
The droplet size distributions (DSD) for 
attached Fe-rich droplets at different temperatures have a constant maximum number density and a 
constant droplet diameter at that maximum number density (dAT*; Fig. 2.9a). The range of dAT is <1 µm 
to 22 µm. With decreasing temperature, the gradient of the DSDs for attached droplets remains constant. 
For isolated droplets, the maximum number density decreases with decreasing temperature, 
simultaneously with an increase in the droplet diameter at that maximum number density (dAT*). The 
dAT and dIS is within bin size error of dAT* and dIS*. Between 1025°C and 1005°C, the dIS range is 0.5–
3 µm. At lower temperatures, this doubles to 6.5 µm (Fig. 2.9b). The DSDs for isolated droplets have a 
steeper gradient to larger droplet sizes (for each experimental charge) than the DSDs for attached 
droplets. Nevertheless, as temperature decreases, the gradient of the isolated droplet DSDs decreases.  
2.3.5.3 Droplet size distribution: isothermal evolution 
The number density of all Fe-rich droplets (normalised to modal glass) decreases as the dwell time at 
constant temperature increases (Table 2.5). In detail, the number density of isolated Fe-rich droplets 
decreases with a significantly steeper gradient than attached Fe-rich droplets.  
At shorter dwell times, the DSDs for Fe-rich droplets have a wider range of droplet diameters (Fig. 
2.10); 0.25–>10 µm for dAT and 0.25–6 µm for dIS. These ranges halve for experimental charges with 
isothermal dwell times longer than 150 h. The attached droplets have a constant maximum number 
density and the droplet diameter at the maximum number density (dAT*) is relatively consistent (Fig. 
2.10). The exception is a decrease in maximum number density of attached Fe-rich droplets in the 
experimental charge t158, which was quenched at 1021°C. The DSDs have a positive slope for dIS< dIS*;  
 
Figure 2.8 The average area of Fe-rich droplets (µm2) plotted 
against temperature for experiments that underwent constant 




Figure 2.9 Droplet size distribution (DSDs) for experiments that have undergone constant cooling at 1°C/h. (a) 
DSDs for Fe-rich droplets attached to plagioclase. (b) DSDs for Fe-rich droplets not in contact with a crystal 
phase in the 2D view (isolated). 1010°C* indicates that this experimental charge underwent different preparation 
to the other experiments (Table 2.2). The insets are theoretical dispersions of crystal size distributions after 
Higgins (2002); and Marsh (1988): LSW theory (Lifshitz and Slyozov, 1961; Wagner, 1961) assumes a particle’s 
coarsening rate is independent of its surroundings; the “communicating neighbours” (CN) theory (DeHoff, 1991) 
assumes only particles in close proximity affect the other’s evolution. 
Table 2.5 Fe-rich droplet size distributions. dIS = isolated Fe-rich droplet diameter; dAT = attached Fe-rich droplet 
diameter. (D4,3/D3,2) is the ratio of the Fe-rich droplet volume-weighted mean diameter versus the surface-






























1030 0 66 2 0.48 0.49 0.92 0.64 - - 
1025 0 54 72 0.78 1.01 3.55 4.23 420 1.13 
1010 0 57 37 0.76 0.91 2.24 3.80 510 1.09 
1010 0 59 70 0.54 1.18 4.03 22.26 400 1.46 
1005 0 55 23 0.91 0.96 3.79 3.51 560 1.17 
1000 0 53 75 0.85 1.18 6.47 9.06 530 1.21 
980 0 47 47 0.96 0.91 5.76 5.75 590 1.19 
955 0 43 33 0.98 1.00 4.51 4.62 640 1.21 
          
1021 12 63 20 0.85 0.89 3.26 4.73 470 1.14 
1021 40 61 39 0.72 1.07 3.3 5.91 490 1.17 
1021 158 53 6 0.69 1.01 1.84 3.26 510 1.11 
1000 18 60 80 0.63 0.97 5.87 9.38 480 1.50 
1000 62 54 38 0.85 1.00 7.76 5.42 590 1.54 
1000 182 50 21 0.81 0.95 3.22 3.45 580 1.09 
41 
 
where dIS* is the isolated droplet diameter at the maximum number density. For the isolated Fe-rich 
droplets, the maximum number density decreases in the experimental charges held for an increasing 
dwell time at both temperatures. The dIS* is constant for experimental charges t12 – t158 held at 1021°C, 
while for t18 – t182, held at 1000°C, the dIS* doubles from 0.4 µm at t18 to 0.8 µm at t182. The gradient of 
the isolated DSDs is steeper than that of the attached DSDs for all experimental charges regardless of 
isothermal dwell time or quench temperature. 
 
Figure 2.10 Droplet size distribution (DSDs) for experimental charges that have been held isothermally. (a) 
DSDs for Fe-rich droplets attached to plagioclase held at 1021°C between t12 to t158. (b) DSDs for isolated Fe-
rich droplets in the 2D view, held at 1021°C between t12 to t158. (c) DSDs for Fe-rich droplets attached to 
plagioclase held at 1000°C between t18 to t182. (d) DSDs for isolated Fe-rich droplets in the 2D view, held at 
1000°C between t18 to t182. For comparison in (c-d), the attached and isolated DSDs for the experiment 
quenched at 1000°C with no isothermal dwell time are plotted. The insets are theoretical dispersions of crystal 
size distributions after Higgins (2002); and Marsh (1988). 
2.3.5.4 The location of nucleation of immiscible droplets 
Isolated Fe-rich droplets are volumetrically more significant than attached Fe-rich droplets in the 
experimental charges with no isothermal dwell time. The number of potential sites for heterogeneous 
nucleation of Fe-rich droplets on plagioclase grains is a function of the area of plagioclase surfaces but  
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as modal plagioclase increases from 27% at 
1030°C to 43% at 955°C, the ratio of the total 
area of isolated/attached Fe-rich droplet also 
increases, while the ratio of the numbers of 
isolated/attached Fe-rich droplets decreases. 
There is a positive correlation between the 
ratio of isolated/attached Fe-rich droplet 
areas and the wetting angle of Fe-rich 
droplets on plagioclase for angles >90° (Fig. 
2.11a). When the wetting angle is <90°, there 
is a negative correlation between the wetting 
angle on plagioclase and the ratio of 
isolated/attached Fe-rich droplet areas, as 
shown by the experiments with a Mull 
composition. The ratio of isolated/attached 
Fe-rich droplet numbers decrease with 
decreasing quenching temperature for the 
Mull composition experiments. 
The ratio of isolated/attached Fe-rich 
droplets in terms of both area and number 
decreases in experimental charges held for 
longer isothermal dwell times prior to 
quenching (i.e. more droplets are attached at 
longer dwell times; Fig. 2.11b). The gradient 
decrease is steeper for experimental charges 




2.3.5.5 Influence of the super-liquidus history on droplet nucleation and growth 
The effect of the initial thermal history above the liquidus was explored with two experiments quenched 
at 1010°C: one being part of the experimental run VIC08 (herein referred to as 1010(8)) and the other 
being part of the experimental run VIC06 (herein referred to as 1010(6)) (Table 2.2). Both experimental 
charges underwent a constant cooling rate of 1°C/h, with no dwell time before quenching, but the 
immiscibility microstructures differ. The preparation of the two charges was different prior to 
 
Figure 2.11 (a) The ratio of isolated/attached Fe-rich 
droplet areas plotted against the wetting angle of Fe-rich 
droplets on plagioclase for these experiments, and Charlier 
and Grove (2012) experiments using a Sept Iles and Mull 
composition. (b) the ratio of isolated/attached Fe-rich 
droplet areas plotted against dwell time (h). 
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commencement of the constant cooling rate experiments (Table 2.2): experimental run 1010(8) was 
heated to 1150°C in a muffle furnace in air, whereas experimental run 1010(6) was heated to 1104°C 
at QFM. Experiment 1010(6) contains an order of magnitude more Fe-rich droplets than experiment 
1010(8), with the majority of droplets smaller than 1 µm2 (as viewed in 2D). In experiment 1010(8) the 
majority of droplets are smaller than 2 µm2 (Table 2.5). The plagioclase aspect ratio in experiment 
1010(6) is 4.0, (the crystals are dendritic) while in experiment 1010(8) the aspect ratio is 2.2, consistent 
with the other experimental charges that were prepared in the muffle furnace (Table 2.3). Hence, 
experimental preparation has an influence on nucleation and growth rates (see section 2.4.1.3). 
2.4 Discussion 
2.4.1 Nucleation processes: homogeneous or heterogeneous? 
2.4.1.1 Onset of Unmixing  
At the onset of silicate liquid unmixing, isolated Fe-rich droplets dominate. The narrow size distribution 
of the Fe-rich droplets, and their (apparent) isolation in the continuous Si-rich liquid, are consistent with 
a short interval of (homogeneous) nucleation. Homogeneous nucleation is likely promoted by the small 
compositional difference between the immiscible liquids which leads to a low energy interface between 
the two liquids (Veksler et al., 2010).  
2.4.1.2 Droplet nucleation as the binodal widens  
At lower temperatures, the compositional difference between the two immiscible liquids increases (Fig. 
2.5), increasing the energy of the interface separating the two phases (Veksler et al., 2010). As 
temperature decreases, isolated droplets remain abundant suggesting that homogeneous nucleation 
remains important; however, the number of isolated droplets decreases with decreasing temperature, 
simultaneously with increasing average droplet size.  
At temperatures 10–20°C below the onset of unmixing, the undercooling is relatively small. In 
isothermal experiments held at 1010°C (after constant cooling at 1°C/h), the number of isolated Fe-rich 
droplets decreases (likely due to coarsening – see later), but there is no increase in the nucleation density 
(as shown by the DSDs, Fig. 2.10), even after an isothermal dwell time greater than 150 h.  
Small degrees of undercooling make it energetically favourable to nucleate droplets heterogeneously 
on crystal faces. Plagioclase is the dominant phase for heterogeneous nucleation of the Fe-rich liquid 
(Fig. 2.12). This is perhaps surprising because Fe-rich liquids are more likely to wet a mafic phase (e.g. 
Holness, 2006; Jakobsen et al., 2005; Philpotts, 1977; Vukmanovic et al., 2018) as shown by my wetting 
angle measurements. Kinetic processes must therefore play a role. I suggest the Fe-rich liquid 
distribution in the quenched experiments is controlled by the creation of compositional boundary layers 
(CBL) around the growing grains (Zellmer et al., 2016): compositional boundary layers adjacent to 
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plagioclase will be enriched in Fe, Ti, Mg, and P, promoting unmixing and heterogeneous nucleation 
of Fe-rich droplets. Conversely, any compositional boundary layer developing around growing grains 
of whitlockite will be depleted in P, thus decreasing the size of the silicate liquid immiscibility field in 
composition space (Bogaerts and Schmidt, 2006; Charlier and Grove, 2012; Visser and Van Groos, 
1979b), and inhibiting unmixing in the adjacent liquid. While there is no obvious control by 
temperature, with the density of heterogeneously nucleated Fe-rich droplets on plagioclase crystal faces 
being constant in experiments with continuous cooling (as shown by DSDs, Fig. 2.9), a further factor 
might be the nature of the underlying structure of the crystal surface, with the plagioclase surface 
providing a particularly favourable substrate (e.g. Pleše et al., 2018). 
 
Figure 2.12 Schematic illustration of the evolution of the physical behaviour of the 
unmixing liquids in these experiments, as temperature decreases. 
 
Note, however, that I do not observe a continuous Fe-rich film surrounding plagioclase grains, as seen 
in natural samples and some experiments (Morse and Brady, 2017; Hartley 2019 pers. comm.). I suggest 
the absence of the continuous film of unmixed Fe-rich liquid and the presence, instead, of discrete 
droplets could be controlled by the growth rate of the plagioclase. The maintenance of continuous films 
of Fe-rich liquid, which my wetting angle measurements demonstrate are in textural disequilibrium, 
requires plagioclase growth rates to be significantly faster than that of chemical diffusion in the 
surrounding liquid. The average plagioclase aspect ratio is 6.0 in the natural samples in which 
continuous Fe-rich films are observed (e.g. the Kīlauea Iki lava lake) but only 2.1 in my experiments. 
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Lower plagioclase aspect ratios imply slower growth (Holness, 2014; Sato, 1995), so I suggest that the 
plagioclase aspect ratios in my experiments are consistent with growth rates that were too low to 
maintain texturally disequilibrium Fe-rich compositional boundary layers (CBLs). 
The CBLs developing around magnetite and pyroxene are enriched in elements such as Si, Al, and Na, 
consistent with the absence of Fe-rich droplets in the vicinity of these phases (a Si-rich CBL was 
formed). This is reversed at lower temperatures and, as temperatures decrease, Fe-rich droplets 
increasingly wet the surface of magnetite and pyroxene. The low wetting angles (23–33° for oxides and 
23–32° for pyroxenes; Table 2.4) show that this spatial relationship is more energetically favourable 
than that of an Fe-rich liquid wetting plagioclase (Holness, 2006): thus this trend towards a 
concentration of Fe-rich liquid adjacent to mafic phases represents a transition towards textural 
equilibrium rather than a change in the nucleation kinetics. 
2.4.1.3 Homogeneity of the starting liquid 
Spatial compositional variations in the starting liquid have a significant effect on the abundance of 
droplet nucleation sites; Lofgren (1983) showed that experimentally heating a basaltic magma for 1 h, 
10°C above the plagioclase saturation limit, removed all plagioclase nuclei and hence inhibited 
plagioclase crystallisation. Consequently, the experimental charge preparation conditions will affect the 
number of available nucleation sites both for the exsolving Fe-rich liquid and for crystalline phases. 
Experiment 1010(6) resulted in anomalously large dendritic crystals with large numbers of very small 
Fe-rich droplets (<1 µm2), whereas experiment 1010(8) resulted in a crystal microstructure typical of 
the experiments comprising smaller, subhedral crystals and a lower number of Fe-rich droplets. 
Dendritic crystals grow under conditions of diffusion-limited growth, which is commonly caused by a 
large undercooling (e.g. Mullis, 2003). I suggest that a low nucleation rate in experiment 1010(6) 
permitted a large undercooling to develop, resulting in the growth of a few, large, (dendritic) crystals. 
The large, scattered dendritic crystals resulted in the creation of relatively large interstices between 
crystals, promoting homogeneous droplet nucleation (Holness and Sawyer, 2008; Putnis and Mauthe, 
2001).  
I attribute these microstructural differences to the experimental charge preparation. Experiment 1010(6) 
was heated to 1104°C and held for 16 h, while experiment 1010(8) was heated to 1150°C and held for 
only several minutes: I suggest the longer duration of the isothermal hold led to a greater reduction of 
crystal nucleation sites in 1010(6). Another potential difference is the Fe content of the Fe-electroplated 
platinum loop on which the charge was suspended: this could have affected the FeO content of the 
charge. If experiment 1010(6) had a slightly higher bulk Fe content, combined with the lower energy 




2.4.2 Microstructural indicators of immiscibility in solidified mafic rocks 
Our experimental charges show that microstructural features of the mineral grains develop in 
conjunction with unmixing of their host liquid. Such features, if recognised, in natural examples of fully 
solidified rocks in which there is no preserved record of liquid unmixing, could potentially be used as 
a marker for the occurrence of liquid immiscibility during solidification. 
2.4.2.1 Pyroxene and Magnetite feathery fringes 
In experimental charges quenched at 1050°C, most grains are equant with smooth planar crystal faces, 
demonstrating that crystal growth was mainly interface-controlled. Experimental charges quenched 
below 1030°C (i.e. the onset of unmixing for the liquid compositions used for my experiments) contain 
Fe-rich droplets that wet the surface of magnetite and pyroxene grains. These Fe-rich droplets are only 
present on euhedral grain surfaces, indicative of interface-controlled growth. In contrast, the feathery 
fringes on pyroxene and magnetite, associated with whitlockite, are consistent with diffusion-limited 
growth and therefore the creation of a CBL surrounding pyroxene and magnetite. Such feathery fringes 
have the potential to be used as microstructural indicators of unmixing during solidification. 
Phosphorus is incompatible in pyroxene, with a clinopyroxene-basaltic liquid partition coefficient 
ranging between 0.01–0.05 (Anderson and Greenland, 1969; Brunet and Chazot, 2001). If the pyroxene 
growth rate (typically 1x10-7 m/s (Dunbar et al., 1995; Kouchi et al., 1983)) exceeds the P chemical 
diffusion rate in the silicate liquid (~3.5x10-11 m2/s, for a basaltic liquid; Chen and Zhang (2008); Chen 
and Zhang (2009); Lundstrom et al. (2005)) then P would be enriched in a boundary layer surrounding 
a growing pyroxene. As crystallisation proceeds, incompatible elements are enriched in the silicate 
liquid surrounding the growing pyroxene and magnetite. This forms a CBL within which whitlockite 
nucleates, and where the rate of material transport is likely set by the least mobile component which, in 
the case of whitlockite, is P. The microstructures I describe suggest that small grains of whitlockite that 
nucleate and grow in the CBL are either engulfed by the growth of their pyroxene substrate, or that the 
larger whitlockite grains stunt further pyroxene growth. I suggest that the variation in the width of the 
pyroxene feathery fringes on different growth faces in my experiments is due to variations in pyroxene 
growth rates (Kouchi et al., 1983). I could not quantify a consistent preferred crystallographic 
relationship between whitlockite and augite by EBSD, and suggest that further EBSD work is required 
to definitively establish the crystallographic relationship between these two phases. P and Ca are 
incompatible in magnetite, and so the same mechanism outlined for pyroxene could destabilise planar 
growth faces of magnetite by the development of CBLs.  
A remaining question is why a P- and Ca-rich phase forms as a result of CBL development around 
pyroxene, when pyroxene growth should also cause enrichment in elements such as Al and Na in the 
CBL. This could, perhaps, be due to the much faster chemical diffusion rates of Al and Na in a silicate 
liquid that preclude the development of CBLs defined by spatial variations of these elements. 
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2.4.2.2 Plagioclase pillars 
The observed pairing of albitic pillars and Fe-rich droplets (Fig. 2.4d’) could result from either the 
heterogeneous nucleation of the droplet on the surface of a pre-existing pillar, or formation of the pillar 
by growth from an Fe-rich liquid after heterogeneous nucleation of the droplet on an originally planar 
plagioclase crystal face. If the former, then I might expect pillars to be a commonly observed feature of 
rapidly cooled basalts in which diffusion-limited growth occurs, but they are not (Helz and Wright, 
1992; Neave et al., 2017). Consequently, following Philpotts (1981b), I suggest that pillar formation 
post-dates the attachment of the Fe-rich droplets, and that the presence of an Fe-rich droplet destabilises 
the plagioclase planar growth face, resulting in localised enhanced growth of plagioclase. 
This hypothesis is supported by the enrichment of the pillars in elements with a low concentration in 
the Fe-rich immiscible liquid, such as  Na, Al and Si (Veksler et al., 2006). Since the two conjugate 
liquids become more compositionally distinct with decreasing temperature (Fig. 2.5), early-formed Fe-
rich droplets will continue to exsolve elements that would preferentially partition into the Si-rich liquid 
(e.g. Fig. 1b of Charlier and Grove (2012)) such as those required to grow albitic plagioclase. At a 
plagioclase growth rate of 1.4x10-10 m/s (as calculated for an experimental charge quenched at 1010°C; 
Table 2.3), a 3 µm pillar protruding from a crystal face would grow in ~6 hours if the Fe-rich droplet 
were present from 1025°C. This idea is compatible with the suggestion that the viscosity contrasts 
between the Fe-rich droplets and Si-rich liquid are large and that this affects the chemical diffusion of 
elements to the growing plagioclase (Philpotts, 1981b; see Appendix Table 2.B). The Fe-rich droplet 
has a lower viscosity and so rapidly diffuses material to the growing plagioclase face in comparison 
with diffusion rates through the higher viscosity Si-rich liquid (Philpotts, 1981b). 
2.4.3 Wetting angles 
2.4.3.1 Are the wetting angles in textural equilibrium? 
Wetting angles are a result of the balance of three interfacial energies, and are therefore controlled by 
the compositions of the crystal substrate, the Fe-rich liquid, and the Si-rich liquid (e.g. Yablonovitch 
and Gmitter, 1984). For the specific case of the Fe-rich droplets on plagioclase, this force balance is 
described by the Young equation: ƴPSi– ƴPFe– ƴSiFe cosƟ = 0; where P denotes plagioclase, Fe denotes 
the Fe-rich liquid forming the droplet, Si denotes the Si-rich liquid, and Ɵ denotes the wetting angle 
(Young, 1805).  Although I have little idea of the extent of anisotropy of the ƴPsi and ƴPFe interfacial 
energies, I might expect a single value (or narrow range) of the wetting angle if the system were in 
textural equilibrium, but a wide range of values if it were far from equilibrium. The presence of more 
than one value of wetting angle in a sample can be ascertained by comparison of the observed 
cumulative frequency curve for the 2D wetting angle population with that calculated for a system with 
a single value of 3D angle. If the sample contains a wide range of true 3D angles the observed 
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cumulative frequency curve will be broader and flatter than the theoretical curve (Elliott et al., 1997; 
Harker and Parker, 1945; Riegger and Van Vlack, 1960). 
The population of apparent wetting angles is generally unimodal (Fig. 2.6), with similarities in 
distribution for experiments held isothermally for different durations (Fig. 2.6b). The bimodal 
distribution measured in the experiment quenched at 1030°C may be attributed to the small population 
of measurements (n = 29; Table 2.4). The cumulative frequency plots show rather narrower distributions 
than expected for single valued angles intersected in randomly oriented 2D sections (Riegger and Van 
Vlack, 1960: Fig. 2.13), consistent with the unlikelihood of observing droplets intersected at low angles 
in experiments containing a limited number of droplets and with a single value of wetting angle in 3D. 
I conclude therefore that the observed droplet morphology reflects textural equilibrium.  This 
conclusion is supported by the results of Veksler et al. (2008b); (2010), who suggested that Fe-rich 
droplets with diameters less than 12-14 µm equilibrated with the surrounding liquid on a timescale of 
several minutes.  
2.4.3.2 Wetting angle variations 
At the apex of the binodal, the compositional similarity of the two liquids means that the energy of the 
Fe-rich liquid-plagioclase interface should be equivalent to the Si-rich liquid-plagioclase interface:  the 
wetting angle of the Fe-rich liquid (and that of the Si-rich liquid) on all mineral surfaces at the apex of 
the binodal should therefore be 90° (as observed, Fig. 2.7a). With decreasing temperature, the 
divergence of the compositions of the two liquids increases both the energy of the interface between 
the two liquids and the difference between the two liquid-plagioclase interfacial energies. The 30˚ 
down-temperature increase of the wetting angle of Fe-rich liquid on plagioclase is controlled by the 
relative rates at which these interfacial energies change. There is more compositional similarity between 
the Si-rich liquid and plagioclase (particularly given the increasingly sodic plagioclase compositions at 
lower temperatures (Appendix Table 2.B)), therefore I expect the energy of this interface to decrease 
with decreasing temperature, while that of both the Fe-rich liquid-plagioclase interface and the two-
liquid interface increases. Since the wetting angle of the Fe-rich liquid increases from 90˚ with 
decreasing temperature, the dominant control on the wetting angle must be the difference between the 
two liquid-plagioclase interfacial energies. 
The wetting angle of the Fe-rich liquid on magnetite is significantly lower than 90˚ (some 20˚C below 
the temperature at which unmixing starts), and increases (although only slightly) with decreasing 
temperature (Fig. 2.7a). Since the Fe-rich liquid and magnetite are compositionally similar, I might 
expect the energy of this interface to decrease with decreasing temperature, while that of both the Si-
rich liquid-magnetite interface and the two-liquid interface increases. The slight increase in wetting 
angle of the Fe-rich liquid on magnetite with decreasing temperature must therefore be dominated by 




Figure 2.13 Comparison of the calculated distributions of apparent angles in randomly oriented 2D sections 
through various true (3D) angles (from Riegger and Van Vlack (1960) with the measured cumulative 
distributions of the observed (2D) angles for experimental charges which have undergone (a) constant cooling 
and (b) constant cooling and then were held isothermally at 1021°C between t12 to t158 and at 1000°C between 
t18 to t182.  
In experimental charges that underwent constant cooling, the proportion of isolated relative to attached 
droplet areas increases as wetting angles increase, for angles >90° (Fig. 2.11a). The Mull experiments 
from Charlier and Grove (2012) have wetting angles <90° and I would therefore expect attached 
droplets to dominate, yet isolated droplets dominate in the experiments quenched at temperatures 
>1000°C. I suggest this is due to: i) the composition at which the Mull liquid line of descent intersects 
the binodal; ii) the shape of the Mull composition binodal (Fig. 2 of Charlier and Grove (2012)); and 
iii) the extent of Fe-rich liquid accumulation (Fig. 1b of Charlier and Grove (2012)). Furthermore, the 
relative volume of the two immiscible liquids may affect the effectiveness of the separation of the two 
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phases (Sato and Sumita, 2007). For the Mull composition, the liquid line of descent crosses the binodal 
at a central position, closer to the apex than in my Sept Iles composition experiments. Consequently, 
there is a greater volume of Fe-rich liquid at a given temperature, yet only a fixed crystal surface area 
on which droplets can sit (Fig. 2.14). At higher temperatures, where crystallinity is lower, this results 
in more isolated droplets. The Mull binodal is also a different shape to the Sept Iles binodal (Fig. 2 of 
Charlier and Grove (2012)). Crystallinity increases down-temperature; therefore, the proportion of 
isolated Fe-rich droplets should simultaneously reduce. In Fig. 1b of Charlier and Grove (2012), it is 
evident that the experimental charges with a Mull starting composition contain large patches of Fe-rich 
glass, commensurate with the size of the adjacent crystal grains. These are far larger than the size of the 
Fe-rich droplets in my Sept Iles composition experimental charges. In my experiments the Fe-rich liquid 
accumulated in semi-enclosed regions, locally covering entire plagioclase faces, and thereby 
maintaining the area of Fe-rich glass in direct contact with plagioclase.  
 
Figure 2.14 Schematic illustration of the evolution of the liquid line of descent through a two-liquid field for 
a Sept Iles and Mull starting composition. Differing physical behaviour of the immiscible Fe-rich liquid is 
illustrated for each composition. 
2.4.4 Droplet evolution 
The evolution (and hence size) of an Fe-rich droplet can be controlled by a range of factors such as 
coalescence, and growth due either to chemical equilibration driven by the widening of the binodal 
during cooling, or by Ostwald ripening. Coalescence occurs as droplets collide, and is a function of 
droplet radius, viscosity, density and the energy of the interface (Yao et al., 2005). Closely adjacent 
droplets float on their combined interface until the thin layer of liquid between the two droplets drains 
out (Deka et al., 2019). Ostwald ripening in liquid emulsions is diffusion-controlled and driven by 
differences in solubility related to differences of surface curvature. Coarsening via Ostwald ripening is 
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described by either LSW theory (Lifshitz and Slyozov, 1961; Wagner, 1961), which assumes a 
particle’s coarsening rate is independent of its surroundings, or by the “communicating neighbours” 
(CN) theory (DeHoff, 1991), based on the idea that only particles in close proximity affect each other’s 
evolution (Higgins, 2002).  
2.4.4.1 Isothermal evolution 
The Fe-rich droplets in my experiments held under isothermal conditions coarsen with time. For charges 
held isothermally at 1000°C, the DSDs show that the dIS is within bin size error of dIS* (Fig. 2.10d), 
consistent with some control by Ostwald ripening. Both coalescence and Ostwald ripening (using LSW 
theory) result in droplet mean diameters increasing with the cube root of time (Crist and Nesarikar, 
1995), but these two processes can be distinguished using the distribution of droplet sizes. Farr et al. 
(2017) calculated that Ostwald ripening leads to a ratio of volume-weighted mean droplet diameter 
versus the surface-weighted mean droplet diameter (D4,3/D3,2) of 1.0239, whereas coalescence is 
characterised by D4,3/D3,2 = 1.0748. Farr et al. (2017) applied this model to an example of Fe-rich 
immiscible droplets in the experimental charges of Charlier and Grove (2012), finding a broader range 
of values (between 1.06 and 1.80) than predicted by either coalescence or Ostwald ripening. Similarly, 
the D4,3/D3,2 values for isolated droplets in my isothermal experiments (Table 2.5) lie between 1.09 and 
1.54. This again suggests coarsening is controlled neither by Ostwald ripening alone nor by coalescence.  
The timescale for coalescence is given by µ𝑅
𝛄
, where µ is the dynamic viscosity of the more viscous 
liquid, R is the average radius of the two droplets, and ƴ is the interfacial tension between the two 
unmixed liquids (Paulsen et al., 2014; Rahman et al., 2019; Yao et al., 2005). Using the calculated 
viscosities in my experiments of 106 Pa.s (Appendix Table 2.B), a radius of 0.8–4 µm (Table 2.5), and 
an estimated interfacial tension of 5–8 mN/m (Veksler et al., 2010), I predict coalescence on timescales 
of 160–800 seconds, sufficient to expect evidence of partial coalescence to be preserved in the quenched 
experimental runs. Over 27,000 Fe-rich droplets were analysed in this study, yet only two examples of 
partially complete coalescence (i.e. two droplets forming a ‘figure of eight’) were found, and only a few 
examples of two droplets in close proximity separated by a meniscus (Fig. 2.3). This suggests that 
coalescence was not a significant process controlling droplet size distribution in these experiments.  
Instead, since droplet composition also evolves with dwell time (Appendix Table 2.B), I suggest that 
coarsening is likely to have been controlled by a combination of kinetic growth and chemical 
equilibration as the binodal widened during cooling. A further possible cause of the loss of small 
droplets is the increasing difficulty in nucleation as the pockets of remaining liquid become smaller 
with increasing crystallinity (e.g. Putnis and Mauthe, 2001). 
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2.4.4.2 Constant cooling evolution 
While the compositional evolution of the isothermal experiments show that these experiments did not 
reach chemical equilibrium, this is even more the case for the experiments which underwent constant 
cooling, in which chemical equilibrium is a “constantly moving goalpost”. The DSDs in the constantly 
cooled experimental charges are non-linear. In natural systems, such size distributions have been 
attributed to changes in cooling rate (Zieg and Marsh, 2002), yet my experimental charges were run 
with a constant cooling rate of 1°C/h. Such nonlinearity may be due to a combination of diffusion-
controlled droplet growth (including Ostwald ripening), and nucleation (e.g. Cashman and Ferry, 1988). 
Coarsening during constant cooling increases both dIS and dAT. My data show D4,3/D3,2 values for 
isolated droplets (Table 2.5) lie between 1.09 and 1.21 (with one exception – attributed to differences 
in experimental starting preparation; Table 2.2). These ratios are broadly consistent with previous 
analyses of Fe-rich droplet size distributions in the experimental charges of Charlier and Grove (2012) 
by Farr et al. (2017) and, in common with the isothermal experimental results, suggests a significantly 
wider size distribution for isolated Fe-rich droplets than predicted if coarsening were exclusively by 
Ostwald ripening. 
The DSDs show that the dIS is within bin size error of the dIS*. Furthermore, the DSDs have a positive 
slope for dIS<dIS* (Fig. 2.9). These observations suggest Ostwald ripening played some role in 
coarsening (Cashman and Ferry, 1988). The DSDs for isolated droplets rotate towards the horizontal 
(Fig. 2.9), compatible with the CN theory of Ostwald ripening (DeHoff, 1991; Higgins, 2002). This 
supports my idea of small-scale compositional heterogeneities influencing unmixing in localised areas 
within the crystal mush. However, a reduction in the number of small droplets could also result from a 
lowering of the nucleation rate (due perhaps to a reduction in the driving force for nucleation caused by 
decreased pore size). The DSDs for attached droplets do not show evidence of coarsening via Ostwald 
ripening.  
2.4.5 Binodal position 
The highest-temperature record of the onset of unmixing in semi-isolated pockets of skeletal plagioclase 
is in the experimental charge quenched at 1030°C. The bulk interstitial liquid records the onset of 
immiscibility in the experimental charges quenched at 1025°C and below, consistent with previous 
studies (Charlier and Grove, 2012). For any given quench temperature, I observe a range of 
compositions of the co-existing Fe-rich and Si-rich liquids (Fig. 2.5). Previously published binodals 
were determined using the average of these compositions (Charlier 2018 pers. comm.). Here I draw the 
binodal using the extreme values of the calculated NBO/T values (as discussed below).  
There is a small disparity between the compositional ratio of Fe-rich/Si-rich liquids (obtained by 
applying the Lever Rule to the binodal) and the relative proportions of Fe-rich/Si-rich glass measured 
in the experimental charges. I attribute this disparity to the analytical limitations imposed by EPMA 
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spatial resolution, which prevented me from analysing smaller Fe-rich droplets. These analytical 
limitations also resulted in the observed range in Fe-rich droplet compositions within any one 
experimental charge, since the larger droplets are not necessarily compositionally comparable to the 
smaller, sub-micron, droplets. The large Fe-rich droplets are internally unmixed and heterogeneous, 
sometimes containing abundant nano-scale Si-rich droplets (shown in Fig. 1b of Charlier and Grove 
(2012)). Consequently, I suggest that the large Fe-rich droplets have a less evolved composition than 
the smaller Fe-rich droplets. This suggestion is supported by changes in glass compositional analyses 
from the experimental charges as the isothermal dwell time increases. Since the Fe-rich droplets evolve 
to more Fe-rich compositions and higher NBO/T compositions (Appendix Table 2.B) with increasing 
dwell time, I suggest that the Fe-rich end member of the binodal has a higher NBO/T value, for a given 
temperature, than my compositional analyses suggest. This would widen the binodal (Fig. 2.5), and 
hence reduce the calculated relative proportion of Fe-rich/Si-rich liquid, resulting in the measured liquid 
proportions more closely matching the binodal calculated proportions.  
Furthermore, I do not know the exact compositional evolution of the bulk liquid line of descent. The 
bulk liquid NBO/T should first increase prior to magnetite saturation (Fe-enrichment of tholeiitic 
trends). Then, the NBO/T decreases (Si-enrichment) and this bulk Si-enrichment continues even after 
the binodal is reached. Consequently, the bulk liquid line of descent gets closer to the Si-rich side of 
the binodal (Fig. 2.14) while the binodal simultaneously enlarges; it is therefore difficult to predict 
whether the volume of Fe-rich liquid should decrease or increase with cooling. 
Increasing the isothermal dwell time of the experimental charges results in an apparent decrease in the 
volume of Fe-rich liquid. At first glance, this suggests the unmixed liquid has not attained chemical 
equilibrium; however, this is at odds with the extensively documented natural examples of emulsions 
in liquids of similar compositions to those of these experiments (e.g. De, 1974; Luais, 1987; Philpotts, 
1979; Philpotts and Philpotts, 2005). I suggest that since these experimental charges continued to 
crystallise during isothermal equilibration, the continued evolution of the remaining liquid could result 
in the liquid line of descent exiting the binodal.  
2.4.6 Implications for immiscible liquid separation 
Our unmixing experiments focus on the evolution of silicate liquid immiscibility microstructures in 
tholeiitic systems in which the Fe-rich liquid is the minor phase, forming dispersed droplets within a 
continuous Si-rich phase, with results applicable to a wide array of tholeiitic systems. Previous studies 
have hypothesised that large-scale phase separation can occur after unmixing of the bulk tholeiitic 
magma (Charlier et al., 2011; Jakobsen et al., 2011; Namur et al., 2012; VanTongeren and Mathez, 
2012). Gravitationally-driven liquid separation in the bulk magma of such systems depends on the 
Stokes’ velocity of the droplets, and would be least efficient close to the binodal, where liquid 
compositions are similar (Hou et al., 2017; Yuan et al., 2017). The Stokes’ velocity of an Fe-rich droplet 
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is given by: 𝑣 =  2𝑔∆𝑝𝑅
2
9η
. Using the known density (ρ), viscosity (ƞ), and average isolated Fe-rich droplet 
radius (R) (Appendix Table 2.B; Table 2.5), settling velocities range from 10-8–10-10 m/year. The 
maximum migration distance of an average Fe-rich droplet on the solidification timescales of 10 km-
scale layered intrusions (e.g. ~100,000 to 1,000,000 years) is 10-2–10-3 m. This falls well below the 
separation length-scale of hundreds of metres suggested by VanTongeren and Mathez (2012) for the 
Upper Zone of the Bushveld Complex. Large-scale separation of liquid emulsions therefore requires 
either much larger droplet sizes, or processes such as convection which could facilitate the segregation 
of the two immiscible liquids if the dense component of the convecting emulsion were retained on the 
floor of the intrusion and the light component at the roof. While this may be the case for magmas in 
which the Fe-rich liquid comprises significantly less than 50 vol.%, at higher volume fractions 
centrifuge experiments show that the Fe-rich droplets may form ‘avalanches’ that facilitate separation 
(Veksler et al., 2008b): it is therefore possible that Stokes’ law may not apply under such compositional 
conditions. Additionally, Veksler et al. (2008b) showed that gravitationally-driven separation of a 
nanoemulsion is possible in both a centrifuge and under static conditions, so treatments of unmixing 
timescales based on Stokes’ law may be unrealistic.  
Separation of immiscible liquids within a crystal mush (e.g. Holness et al., 2011; Humphreys, 2009; 
Humphreys, 2011) is strongly affected by pore diameters, coarsening rates and wetting properties. For 
example, Chung and Mungall (2009) show that immiscible sulfide droplets with radii 1/10 the average 
crystal radius travel the furthest through a crystal mush. Plagioclase comprises over 68% of the solid 
phases in my experiments; the average plagioclase grain is 22.8 µm along the major axis (Table 2.3), 
so Fe-rich droplets of radius 4.8 µm might be expected to be the most mobile. This is an order of 
magnitude larger than the average diameter of homogeneously nucleated droplets in my experiments 
(Table 2.5), so optimal segregation of the two immiscible phases in a crystal mush of equivalent grain 
size requires significant droplet coarsening (ignoring the effect of pore throat dimension). 
Consequently, in small-scale, crystal-rich tholeiitic magma bodies cooling on the order of 1°C/h (e.g. 
dykes and sills of ~10 m width) gravitationally-driven segregation of immiscible homogeneously 
nucleated Fe-rich droplets is unlikely to be significant. Chung and Mungall (2009) suggest that if the 
dense immiscible liquid forms a connected net-like texture around crystals (i.e. the dense liquid phase 
wets the minerals of the mush) then this can promote phase separation. Consequently, coarsening and 
accumulation of pockets of Fe-rich liquid should better facilitate downwards movement in a mush, 
relative to dispersed isolated Fe-rich droplets. This is most likely to pertain to mushes, or regions of 
mushes, rich in phases on which the Fe-rich liquid has a low wetting angle, such as oxides and mafic 
minerals like olivine and pyroxene (Table 2.4). This effect may be promoted by the presence of water, 
which enlarges the binodal surface and increases the interfacial tension between the two immiscible 
liquids (Hou et al., 2018), making coalescence more effective compared to dry tholeiitic systems. The 
concentration of the elements Ca, Al and Si also has an effect on coarsening rates, with unmixing shown 
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to be significantly slowed by high concentrations of these elements regardless of temperature (Veksler 
et al., 2008b). A further factor controlling segregation is that the closer the liquid line of descent is to 
the centre of the binodal, the greater the volume of Fe-rich liquid at higher temperatures, promoting Fe-
rich liquid migration.  
2.5 Concluding remarks 
The results of this experimental study illustrate how thermal history and crystallisation affect the 
physical behaviour of an immiscible Fe-rich liquid during cooling of a ferrobasaltic liquid. The key 
findings are: 
1. The onset of unmixing is localised because of heterogeneities in the interstitial liquid produced 
by compositional boundary layers formed during crystallisation; 
2. Accumulations of small grains of whitlockite (similar to apatite in composition) along the 
margins of pyroxene and magnetite grains, and albitic pillars on plagioclase grains, provide 
potential microstructural indicators of immiscibility in fully solidified rocks; 
3. The wetting angles of Fe-rich immiscible liquids on plagioclase and magnetite increase with 
decreasing temperature;  
4. Heterogeneously nucleated droplets do not coarsen solely via Ostwald ripening during the 
experiments;  
5. Droplet size distributions of homogeneously nucleated droplets are controlled strongly by 
growth during the process of chemical equilibration driven by cooling, with minimal 
contribution from coalescence;  
6. In small-scale magma bodies (e.g. dykes and sills of ~10 m width), gravitationally-driven 
segregation of immiscible homogeneously nucleated Fe-rich droplets is unlikely to be 
significant. 
Although the cooling rates of these experiments were analogous to those experienced by a small 































3 THE EFFECT OF COOLING RATE ON IMMISCIBLE 
SILICATE LIQUID MICROSTRUCTURE: AN EXAMPLE FROM 
THE PALAEOGENE DYKES OF NORTHEAST ENGLAND 
---- 
A version of this chapter is published as: 
Honour, V.C., Holness, M.B. and Stock, M.J., in second revision. The effect of cooling rate on 
immiscible silicate liquid microstructure: an example from the Palaeogene dykes of Northeast 
England. Mineralogical Magazine, 83(6), 809-820.  
Co-authors and reviewers have provided comments on the manuscript. 
---- 
3.1 Introduction   
As mafic silicate melts cool and crystallise, under certain pressure, temperature, compositional, and 
oxygen fugacity conditions, they can unmix to form an emulsion of two immiscible liquids, one rich in 
Si and the other dominated by Fe (e.g. Charlier and Grove, 2012). Existing work on the evolution of 
silicate liquid immiscibility in crystal mush and bulk magmas has typically focused on the chemistry of 
the unmixed liquids (e.g. Charlier and Grove, 2012; Roedder, 1951; Veksler et al., 2007). However, 
limited textural observations suggest that cooling rate may have a major effect on the distribution and 
coarsening of an emulsion (Martin and Kushiro, 1991). As the migration and accumulation of these 
unmixed liquids are potentially linked to the differentiation of crustal magma bodies (e.g. Veksler et 
al., 2007) and the formation of some economic mineral deposits (e.g. magnetite-hematite-apatite ores; 
Frietsch (1978)), further work is essential to establish the controls on their microstructural evolution. 
Previous studies investigating the microstructures of systems containing immiscible silicate liquids 
have typically focussed on centimetre-sized experimental charges (e.g. Charlier and Grove, 2012; 
Veksler et al., 2006; Veksler et al., 2008b) or kilometre-scale igneous intrusions (Holness et al., 2011), 
each with very different thermal histories. Experimental investigations are limited to cooling rates of 
≳1°C/h, as slower cooling rates often result in long-term instability in the run conditions (e.g. Charlier 
and Grove, 2012; Honour et al., 2019; Veksler et al., 2006; Veksler et al., 2008b). Conversely, although 
the much slower cooling rates of large igneous intrusions are not as well constrained, they are likely to 
be on the order of 10-7°C/h (Cawthorn and Walraven, 1998). Published descriptions of unmixed silicate 
liquid microstructures preserved in natural systems with cooling rates intermediate between these two 
extremes are rare. Examples include glass quenched during drilling of the partially solidified crust of 
the Kīlauea Iki lava lake in Hawaii (Helz, 1987), and microstructures in interstitial glass in naturally 
cooled tholeiitic dykes and sills (e.g. Philpotts, 1982; Philpotts, 1978; Philpotts, 1979). 
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In this study, I investigate emulsion microstructure preserved in the mesostasis of three basaltic dykes 
from the northeast of England. Using a conductive thermal model, I calculate the cooling rates across 
the dykes, and plagioclase aspect ratios and grain sizes are used to constrain the fluid dynamical regime 
during crystallisation. The cooling rates of the dykes are slower than can be routinely accessed through 
experimental petrology but are significantly faster than cooling rates in larger igneous intrusions, 
preserving clear evidence of emulsion microstructures in quenched glass and providing the opportunity 
to constrain the rates of nucleation and evolution of an unmixing emulsion as a function of cooling rate.  
Dykes show significant differences in the spatial variation of mineral grain shapes and sizes compared 
to tabular intrusions of similar thickness but with significantly shallower dips (i.e. sills), as a result of 
orientation-controlled differences in fluid dynamical regime during solidification (Holness et al., 
2017a). Following Holness et al. (2017), I argue that the Paleogene dykes of Northeast England are an 
exception to this general tendency, with microstructural characteristics indicative of sill-like fluid 
dynamical behaviour.  
3.2 Geological Setting  
During the Palaeogene, a mantle plume in the North Atlantic (today located beneath Iceland; Saunders 
et al. (1997)) caused uplift and thinning of the NW European continental margin, resulting in the ascent 
of magmas to high crustal levels and emplacement of large igneous bodies in western Scotland (the 
Skye, Rum-Muck, Arran and Mull central complexes). Emplacement of the Mull Central Complex was 
associated with the intrusion of a large NW-SE trending dyke swarm across western Scotland, northern 
England and into the North Sea (Harker and Clough, 1904; Sloan, 1971), extending at least 600 km 
from its source (Fig. 3.1; Underhill (2009); Wall et al. (2010)). The swarm is dated between 58.04 and 
60.56 Ma  (Chambers and Pringle, 2001; Mitchell et al., 1989) and is thought to be related to a large 
caldera collapse event (Macdonald et al., 2010).  
Variations in magma propagation rate are thought to have caused the thickness and spacing of the Mull 
dyke swarms to increase with distance from their source (Jolly and Sanderson, 1995). Modern-day dyke 
intrusion events in the East African Rift and Iceland show that propagation rates are in the range 0.3–
4.7 km/h (e.g. Ágústsdóttir et al., 2016; Ayele et al., 2009; Peltier et al., 2005; Wright et al., 2006). 
Hence, I infer that the dykes of the Mull swarm took a minimum of 28 days to propagate 200 km from 
their source to the coast of Northeast England. Following the cessation of flow in the dykes, I assume 
that the magma crystallised as a closed system (e.g. Holness et al., 2017a). 
The basaltic dykes of the Mull swarm are geochemically analogous to the Central Mull tholeiitic magma 
(Kerr et al., 1999; Macdonald et al., 2010). They were classified based on their petrography and 
geochemistry by Holmes and Harwood (1929): typical whole-rock compositions of the dykes 
investigated in this study are presented in Table 3.1. They have varying modal proportions of 
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plagioclase, olivine and pyroxene, with a glassy matrix preserving evidence of liquid immiscibility 
(Holmes and Harwood, 1929). I focus on three dykes: (1) the Hartley North Dyke (which Teall (1884) 
termed the Collywell dyke) is fine-grained with a sinuous strike through a host rock of shale with sandy 
bands (Jones, 1967; Land, 1974); (2) the Tynemouth Dyke, which cuts the Coal Measures sandstone at 
the current level of exposure (Land, 1974) and extends SE into the North Sea (Heslop and Smythe, 
1910; Holmes and Harwood, 1929; Jones, 1967; Land, 1974; Teall, 1889; Teall, 1884); and (3) the 
Morpeth Dyke, which is fine-grained, has the highest measured density of the Palaeogene dykes of 
Northeast England (Heslop and Smythe, 1910; Holmes and Harwood, 1929; Teall, 1884) and is hosted 









3.3 Samples and sample collection  
Samples were collected during fieldwork in July 2016, supplemented by additional samples from the 
Harker Collection of the Sedgwick Museum (University of Cambridge). The Hartley North Dyke was 
sampled 20 m from the N-S trending Collywell Bay sea wall, on the foreshore at low tide (Table 3.2). 
Here, the dyke has a strike of 105°, with a variable width (0.83–1.04 m; Fig. 3.2c) and chilled margins. 
The Tynemouth Dyke is only exposed at low tide and samples were collected along the foreshore, north 
of the western end of the Tynemouth North pier, at the base of Castle Rock (Fig. 3.2a,b). At this location, 
it is 3.18 m wide and strikes 103°, with undulating margins on a 0.1–0.2 m scale (Table 3.2). The 
Morpeth Dyke was sampled on the eastern bank of the Wansbeck, south-east of the North-Eastern 
Railway viaduct (Table 3.2), where it lies within a 5.25 m wide steep-sided gully perpendicular to the 
Wansbeck. There is no visible outcrop and samples of olivine-rich basalt were obtained from scattered 
>0.3 m diameter boulders and <10 cm chips (Fig. 3.2d). Teall’s (1884) description of the Morpeth Dyke 
locality was published 34 years after the viaduct was built when there was significant building work 
along the bank of the Wansbeck; it is possible that it was quarried out and used for construction, thus 
creating the well-defined gully. 
Table 3.1 Whole rock geochemistry of the Palaeogene dykes of Northeast England, 
taken from Holmes and Harwood (1929). 





SiO2 51.10 50.81 50.41 
Al2O3 16.75 15.70 15.14 
FeO 8.03 8.54 10.39 
MgO 5.89 6.41 6.57 
CaO 11.97 12.17 11.30 
Na2O 2.02 1.96 2.29 
K2O 0.66 0.87 0.82 
TiO2 0.96 0.81 1.30 
P2O5 - 0.10 0.15 
MnO 0.37 0.17 0.17 





Figure 3.1 Overview of the Mull dyke swarm, together with the location of the dykes examined here. Adapted 
from Holmes and Harwood (1929). 
 
Table 3.2 Field locations of the Palaeogene dykes of Northeast England analysed in this study. SST = 
sandstone, MST = mudstone.  






(°) Host Rock 
No. of 
samples 





Tynemouth 55o01’00.9” 001o24’55.5” ~3.18 103 SST 13 




4 (not in 
situ) 
 
3.3.1 Analytical methods 
Samples were analysed in the Department of Earth Sciences, University of Cambridge, using optical 
microscopy and a Quanta FEG 650 F scanning electron microscope (SEM), set to 10 kV at spot 3, 
with a 30 µm aperture and a working distance of 10 mm. Back-scatter electron (BSE) images were 
collected for the polished samples.  
Average apparent aspect ratios of plagioclase grains were calculated by measuring the long and short 
axes of >250 crystals per sample from digital photomicrographs under crossed polars. All discernible 
plagioclase grains were measured in each photograph. Aspect ratios were calculated using ImageJ 
software, which determines the best-fit ellipse for a pair of orthogonal lines. The 2σ confidence 
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interval of the average apparent aspect ratio was calculated using the bootstrap method (James et al., 
2013) since the shape of the underlying distribution is unknown. Plagioclase grain sizes were also 
calculated using the average of the long axis length of >250 plagioclase grains. Fe-rich droplet 
diameters were measured using CorelDrawX9 from BSE images. All discernible Fe-rich droplet 
diameters were measured in each photograph. 
Preliminary EPMA (electron probe micro-analysis) data on several plagioclase compositions were 
measured using a CAMECA SX-100 electron microprobe with five WDS spectrometers at the 
Department of Earth Sciences, University of Cambridge. The instrument uses PeakSight software 
with ZAF correction. Appropriate natural and synthetic primary standards were used. Plagioclase 
compositions were analysed at 15 kV, 10 nA with a focused beam; Na and Si were analysed for 10s 
on peak, Al for 20 s, Ca, Mg, and K for 30 s, and Ti and Fe for 60 s. Relevant mineral and glass 
secondary standards were run at regular intervals to check for precision and reproducibility.  
 
Figure 3.2 Field photographs of the sampling locations in this study. a) Tynemouth Dyke, sampling localities 
outlined with white circles; b) Tynemouth Dyke exposed north of the Tynemouth North pier; c) Hartley 






The Hartley North Dyke is dominated by a matrix of fine-grained plagioclase, clinopyroxene and glass, 
with variable modal Fe-Ti oxide (Fig. 3.3a). The amount of glass increases from 16 vol.% on the chilled 
margins to 22 vol.% in the centre of the intrusion. The average matrix plagioclase long axis length 
(Table 3.3) increases towards the dyke centre, from 189 µm to 231 µm, and the average apparent aspect 
ratio decreases from 6.0 to 4.6 (Fig. 3.4a; Table 3.3). Rare, large (<2 mm x 0.8 mm) plagioclase 
phenocrysts with zoned rims are present throughout. Clinopyroxene is fine-grained on the chilled 
margins (<10 µm), but reaches 100 µm diameter in the dyke centre where the crystals tend to form 
small clusters. Spherical amygdales filled with calcite and silica are abundant (0.5–1.8 mm in diameter), 
particularly in the centre of the dyke. 
The Tynemouth Dyke is dominated by a fine-grained matrix of elongated plagioclase laths, 
clinopyroxene, oxides and glass (Fig. 3.3b,c) with rare olivine grains, typically <50 µm in diameter. 
The glass distribution is patchy, but the average glass mode increases from 18 vol.% on the chilled 
margin to 26 vol.% in the centre of the intrusion. The glass in the dyke centre is commonly devitrified. 
The average apparent aspect ratio of the matrix plagioclase (Fig. 3.4b) decreases from 5.4 on the chilled 
margins to 3.9 in the centre (Table 3.3), as does the relative number of matrix plagioclase grains per 
unit area. The dyke contains large plagioclase phenocrysts (<9 x 4 mm) with sharply-defined, <0.5 mm 
wide irregular rim zones and concentrically-arranged melt inclusions that outline internal growth zones. 
The anorthite number (mol.%) of the large plagioclase phenocrysts decreases from the centre to the 
rims of the crystals (Appendix Table 3.A). The number of plagioclase phenocrysts increases towards 
the intrusion centre, where they form polycrystalline clusters enclosed by a shared outer rim zone; the 
plagioclase rim zone is absent on crystal faces adjacent to pockets of glass (Fig. 3.3c). The grain size 
range of matrix plagioclase in the Tynemouth Dyke broadens towards the intrusion centre, and the 
average long axis length increases from 143 µm to 236 µm (Table 3.3). On the chilled margins, 
clinopyroxene grains are small (<80 µm diameter) and isolated in the matrix, whereas in the centre of 
the dyke they are larger (<150 µm diameter) and form clusters, or partially enclose plagioclase grains. 
Grains of Fe-Ti oxides are <50 µm across and are typically found in the mesostasis. Spherical 
amygdales filled with calcite and silica are irregularly distributed throughout the Tynemouth Dyke, 
increasing in number and size towards the centre. 
The Morpeth Dyke is characterised by a matrix of elongated plagioclase laths, clinopyroxene, olivine, 
oxides and glass (Fig. 3.3d). The glass mode is analogous to that of the Tynemouth and Hartley North 
Dykes at ~25 vol.%. Although spatial variations in matrix plagioclase average apparent aspect ratio and 
grain size could not be quantified due to the lack of outcrop, the long axis length in my samples reaches 
~500 µm, while the average plagioclase apparent aspect ratio is 4.8. Large plagioclase phenocrysts (3 
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x 2 mm) are rare but have strongly zoned rims and melt inclusions in their core. Clinopyroxene is evenly 
distributed, with grain diameters ranging between 50–200 µm. Rare olivine grains (100–300 µm in 
diameter) form small monomineralic clusters, typically comprising 3-4 grains. Spherical amygdales 
filled with calcite and silica are present in all of the samples. 
Table 3.3 Petrographic measurements of the Palaeogene dykes of Northeast England. Distances from the 
dyke margins were measured from the north to south. Plagioclase grain size is reported as average apparent 
long axis, and shape is reported as the average apparent aspect ratio. HC = samples from the Harker 
Collection, University of Cambridge. * denotes the position within the dyke transect given in the catalogue of 























Hartley North Dyke; 1.03 m  ± 0.05 m wide 
H1 0.05 Margin 18 189 6.0 30 1 
H2 0.08 Margin 17 186 6.1 29 <2 
H3 0.23 Centre 19 239 5.5 17 3 
H4 0.29 Centre 22 228 5.5 16 4 
H5 0.32 Centre 20 231 4.6 14 3 
H6 0.65 Centre 18 236 4.9 18 3 
H7 0.86 Margin 16 223 5.3 18 <2 
H8 0.95 Margin 17 256 5.5 15 <2 
Tynemouth Dyke; 3.18 m ± 0.20 m wide 
T1 0 Margin 18 143 6.1 41 2 
T2 0.2 Margin 20 173 5.7 16 4 
T3 0.28 Margin 21 189 6.1 20 7 
T4 0.7 Centre 23 245 4.7 9 5 
T5 0.86 Centre 24 242 4.5 15 5 
T6 1 Centre 26 234 4.6 10 11 
T7 1.32 Centre 26 236 4.4 12 12 
T8 1.42 Centre 25 230 4.4 14 13 
T9 2.13 Centre 26 254 4.7 12 8 
T10 2.48 Centre 25 244 4.8 12 6 
T11 2.55 Margin 23 178 5.3 16 5 
T12 2.76 Margin 22 167 6.1 21 7 
T13 2.97 Margin 21 198 6.1 19 1 
20287 HC Centre* 27 210 4.37 20 - 
20289 HC Centre* 26 192 4.38 17 - 
20288 HC Centre* 25 212 4.53 21 - 
20290 HC Margin* 20 168 4.71 36 - 
14249 HC Margin* 21 176 4.73 31 - 
4141 HC Margin* 11 175 5.33 50 - 
Morpeth Dyke; <5.25 m wide 
20303 HC Margin* 25 175 4.91 43 9 
20302 HC Margin* 29 150 4.77 39 8 
2362 HC Margin* 21 - - - - 






Figure 3.3 Crossed polars (XPL) photomicrographs of the Palaeogene dykes of Northeast England; (a) Centre 
of the Hartley North Dyke; (b) Centre of the Tynemouth Dyke with abundant plagioclase laths and a glassy 
mesostasis; (c) A cluster of zoned plagioclase phenocrysts in the centre of the Tynemouth Dyke; (d) Margin of 




Figure 3.4 Average apparent plagioclase aspect ratios measured across the (a) Hartley North Dyke; (b) 






3.4.2 Immiscibility microstructures   
Evidence of unmixing of the interstitial liquid of the Palaeogene dykes of Northeast England was first 
reported by Philpotts (1982). The whole rock chemistry means that the Fe-rich immiscible liquid is the 
minor phase, while the Si-rich conjugate forms the major phase (i.e. Fe-rich droplets are dispersed 
within a continuous Si-rich liquid). The glass in the dykes is generally altered, with increasing 
devitrification towards the centres, resulting in poorer microstructural preservation. However, droplets 
of immiscible Fe-rich material are always present in the mesostasis, regardless of the relative position 
of samples within the dyke or the dyke width (Fig. 3.5a-f). Where glass is still present, the Fe-rich 
droplets are spherical to sub-spherical, with a high refractive index and a white-to-brownish colour in 





Figure 3.5 BSE images of the Fe-rich emulsion in the Tynemouth Dyke; (a-f) show a progressive 
transect southwards towards the dyke’s centre, with exact distance from the north margin given in 
the bottom left of each photo. Note the predominance of Fe-rich droplets that are attached to 
plagioclase, compared to those isolated in the glass, particularly close to the margin. 
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The Fe-rich droplets are larger (ranging up to 20 µm in diameter) and more abundant in the centre of 
the dykes than at their margins. On the margins, the Fe-rich droplets are preferentially attached or 
proximal to plagioclase grains. Towards the dyke centres, the Fe-rich droplets show no preferential 
association with any crystal phase and there is an increased prevalence of isolated droplets (i.e. droplets 
that appear unconnected to any crystal phase in 2D section). Where Fe-rich droplets are attached to 
plagioclase grains, they have apparent wetting angles >90°. They are not found adjacent to mafic phases 
and I found no evidence of two droplets coalescing (i.e. no Fe-rich droplets with ‘figure-of-eight’ 
shapes).  
There are variations in the emulsion microstructure between the three dykes. In the Morpeth Dyke, the 
Fe-rich droplets are larger and have a higher number density than in the Tynemouth and Hartley North 
Dykes (even in samples from the margin of the dyke; Fig. 3.6). Fe-rich droplets in the Hartley North 
Dyke are the least abundant and the smallest of those in the three dykes (Fig. 3.6g-i). 
 
Figure 3.6 Plane polarised light (PPL) images of emulsion microstructures for all three dykes, showing the Fe-
rich droplets in the glassy mesostasis. The glass of the mesostasis is commonly brown, with the Fe-rich droplets 
ranging from white to dark brown. The Fe-rich droplets are typically attached to plagioclase. (a-c) Sample from 
the margin of the Morpeth Dyke (Table 3.3); (d-e) Sample from the centre of the Tynemouth Dyke; (f) Sample 





3.5.1 The crystallisation regime 
The shape of plagioclase grains grown under interface-controlled conditions is a function of 
crystallisation time (Holness, 2014). In vigorously convecting magma in a tabular body, plagioclase 
crystals grow in suspension and the resultant averaging of the thermal history of each grain means that 
their shape is invariant across the width of the intrusion.  In contrast, if the crystallising magma is either 
static or weakly convecting, solidification is dominated by the nucleation and growth of crystals on 
inwards-propagating solidification fronts: in such bodies plagioclase average apparent aspect ratio 
decreases from the intrusion margins towards the centre (Holness et al., 2017a). The average apparent 
plagioclase aspect ratio at any point across a tabular intrusion that solidified by the inwards-propagation 
of solidification fronts, assuming diffusive heat loss, is given by: 
plagioclase aspect ratio = (log(cooling time in years) - 6.34)/(-1.79)           (equation 3.1) 
Consequently, I can use the spatial variation of plagioclase grain shape to test whether vigorous 
convection occurred during crystallisation of the investigated dykes. 
The highest plagioclase average apparent aspect ratios are observed on the margins of the Hartley North 
and Tynemouth Dykes, while the lowest ratios are measured in their centres. The plagioclase average 
apparent aspect ratios across the Hartley North and Tynemouth Dykes match the trends predicted for 
non-convecting magma bodies using equation 3.1, but are systematically off-set to higher values (Fig. 
3.4). It is well-known that aspect ratio decreases as crystallisation proceeds, due to the effects of 
impingement (Applegarth et al., 2013; Martin et al., 1987; Pupier et al., 2008; Schiavi et al., 2009) but 
the relationship between plagioclase grain shape and cooling timescales described in equation 3.1 was 
developed using fully-solidified dolerites (Holness, 2014). I suggest that the relatively high values 
observed in these samples may be a consequence of the significant volume of uncrystallised material 
comprising the mesostasis: the average apparent aspect ratio of the plagioclase did not attain the 
expected low values as crystallisation was incomplete. I also note that there are a number of spherical 
amygdales in the dykes, which suggest that magma degassed during crystallisation. Devolatilisation 
could drive plagioclase oversaturation (Hort, 1998; Yoder et al., 1957) and an increase in plagioclase 
growth rate, which might also result in higher average apparent aspect ratios than predicted by the model 
of Holness (2014) (Fig. 3.4). 
In addition to the differences in the spatial variation of plagioclase grain shape in convecting and non-
convecting systems, the average grain size is larger, and the range of grain sizes is narrower, in 
convecting tabular intrusions, relative to non-convecting intrusions of the same width (i.e. with similar 
cooling timescales; Holness et al. (2017a)). Fig. 3.7 shows the cumulative frequency of the plagioclase 
long axis length from the centre and margin of the Hartley North and Tynemouth Dykes, as well as 
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grain size data from previously identified convecting (a 3.7 m wide basaltic dyke from the Isle of Mull) 
and non-convecting intrusions (the 3.5 m thick Traigh Bhàn na Sgùrra sill of the Isle of Mull), which 
have similar widths to the Northeast England intrusions (i.e. within an order of magnitude; Holness et 
al., 2017a). The cumulative frequency distributions of plagioclase long axis length from the centre and 
margin of the Tynemouth and Hartley North Dykes are similar to those of the non-convecting Traigh 
Bhàn na Sgùrra sill, rather than the convecting dyke. Together with the spatial variation of plagioclase 
grain shape, these data suggest that crystallisation in the Northeast England dykes was dominated by 
the inwards propagation of solidification fronts, in agreement with Holness et al. (2017) who identified 
non-convective crystallisation in the Moneyacres dyke in Ayrshire (another member of the Mull dyke 
swarm). The absence of convection following dyke propagation may have been due to a high crystallite 
load that resulted in a high magma viscosity (Holness et al., 2017a).  
 
Figure 3.7 The cumulative frequency distributions of grain sizes (measured as the length of the apparent long 
axis of plagioclase as viewed in thin section) in the centres (a) and margins (b) of the Tynemouth and Hartley 
North Dykes. A typical convecting dyke (a 3.7 m wide basaltic dyke on the coast of the Isle of Mull) and a non-
convecting sill (the 3.5 m wide Traigh Bhan na Sgurra basaltic sill on the Isle of Mull) with similar average 
grain sizes to the Northeast England Dykes are shown for comparison (data from Holness et al. (2017a)). Static 
systems have a greater range of grain sizes than convecting systems; the Tynemouth and Hartley North Dykes 
correspond more closely with the static example). 
I consider it unlikely that silicate liquid unmixing occurred during dyke propagation: magma 
compositions only approach the silicate liquid binodal after significant differentiation (i.e. likely after 
crystallisation of groundmass plagioclase); I see no evidence of melt inclusions in large plagioclase 
phenocrysts being trapped from two immiscible liquids (although, they are devitrified; Fischer et al. 
(2016); Jakobsen et al. (2011)); preliminary geochemical transects across the large plagioclase 
phenocrysts show no evidence of prior liquid separation (i.e. no evidence of decreasing TiO2 
concentrations towards the rim; Humphreys (2011); Fig. 3.8; Appendix Table 3.A). Unmixing therefore 
occurred in a static magma, once matrix plagioclase had started crystallising. 
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3.5.2 Thermal modelling of cooling rate 
As the magma in the dykes was static (or only 
weakly convecting) during solidification, I use a 
1D thermal model to calculate the cooling rate at 
different positions across the intrusions for 
comparison with the size and abundance of 
unmixed Fe-rich droplets. The cooling rate of 
any sample from a tabular basaltic intrusion can 
be approximated assuming conductive in situ 
heat transfer into the host rock, following the 




(1 + cos (
2𝜋𝑧
𝑤
)               (equation 3.2) 
where τ is the time taken to cool from 1200°C to 
1000°C (the assumed temperature range of 
crystallisation, following Cashman (1993); and 
Holness et al. (2012)), z is the position within the 
body measured from the centre (in metres), w is 
the total intrusion thickness (in metres) and κ is 
thermal diffusivity (m2/s). I assume a far-field 
host rock temperature of 0°C and set κ to 4.8.10−7 
m2/s based on thermal diffusivity measurements 
of basalt at 1000°C (Hartlieb et al., 2016). 
Our 1D cooling model suggests the Hartley 
North Dyke took 5 days to crystallise in the 
centre and 0.5 days near the margins (defined in 
Table 3.3), corresponding to average cooling 
rates of ~1.7°C/h and ~16.7°C/h, respectively. 
The Tynemouth Dyke took 43 days to crystallise 
in the centre and 0.5 days near the margins 
(defined in Table 3.3), corresponding to average cooling rates of ~0.2°C/h and ~17°C/h, respectively. 
Assuming the Morpeth Dyke was no wider than the gully in which it was sampled, the centre is 
predicted to have had a maximum cooling time of 117 days, with an associated average cooling rate of 
~0.1°C/h. 
 
Figure 3.8 EPMA transects showing TiO2 (wt.%) and 
anorthite composition (mol.%) from the large 
plagioclase phenocrysts from a sample taken at 1.32 m 
from the margin of the Tynemouth dyke (sample T7; 




3.5.3 The effect of cooling rate on emulsion behaviour 
In a static regime, the microstructure of magmatic emulsions is controlled chiefly by temperature and 
time (e.g. Martin and Kushiro, 1991). Additional factors that can affect microstructural evolution 
include composition, pressure and fO2 (e.g. Charlier and Grove, 2012). However, these are second-order 
variables (Martin and Kushiro, 1991) and are unlikely to vary significantly between compositionally 
similar mafic dykes (Table 3.1) emplaced at comparable depths.  
3.5.3.1 Nucleation 
Compositional boundary layers can develop at the interface between crystals and their host liquids; the 
thickness of these layers depends on the crystal growth rate, the diffusion rate within the liquid, and the 
relative motion of crystals and their surrounding liquid (Levich, 1962; Zellmer et al., 2016). The 
development of these compositional boundary layers can promote the localised onset of liquid 
unmixing, causing Fe-rich droplets to preferentially nucleate on (or near) plagioclase grains (Philpotts, 
1981b). Compositional gradients around crystals are best developed during rapid crystal growth; 
therefore, I would expect Fe-rich droplets to have a greater association with plagioclase crystals at 
higher cooling rates. This accounts for the greater number of Fe-rich droplets attached to plagioclase 
crystals in the rapidly cooled margins of the Hartley North and Tynemouth Dykes, relative to their 
slower cooled centres. 
Considering samples from different places within the same dyke, and samples from different dykes, I 
find that slower cooling rates correlate with increased numbers of Fe-rich droplets in the interstices (i.e. 
including both heterogeneously nucleated droplets and homogeneously nucleated droplets). This is at 
odds with the experiments of Martin and Kushiro (1991), which contain more droplets at higher cooling 
rates, leading them to conclude that slow cooling promotes increased droplet coalescence rather than a 
decrease in nucleation rate. I suggest that the disparity between my observations and their experimental 
results can be explained by magma cooling rates at the dyke margins being sufficiently fast that there 
was insufficient time for droplets to nucleate before the glass transition temperature was reached. 
Additionally, the smaller grain size and higher aspect ratios of the network-forming plagioclase grains 
near the intrusion margins (i.e. at high cooling rates) reduced the size of the interstitial liquid pockets, 
impeding nucleation and resulting in fewer Fe-rich droplets (e.g. Holness and Sawyer, 2008; Putnis and 
Mauthe, 2001). 
The Morpeth Dyke has the most Fe-rich bulk composition of my samples and the Hartley North Dyke 
is the most Fe-poor (Table 3.1). The bulk FeO content of the dykes positively correlates with the size 
and abundance of the Fe-rich droplets, and thus the volume fraction of Fe-rich immiscible liquid. This 
agrees with the experimental results of Charlier and Grove (2012), which demonstrate that differing 
whole rock compositions affect the shape and size of the silicate liquid immiscibility field and thus the 
relative volumes of the two immiscible liquids: the abundance of the Fe-rich liquid generally increases 
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with total FeO of the bulk melt (other elements such as P, alkalis and volatiles also affect the size of the 
binodal; e.g. Lester et al. (2013)).  
Only whole rock compositional data are available for the dykes studied here; these have a Mg# (molar 
Mg/(Mg+Fetotal) of ~57 (Table 3.1), which is significantly higher than the Mg# from existing 
experiments quantifying the silicate liquid immiscibility field (e.g. bulk liquid compositions studied by 
Charlier and Grove (2012) had Mg# of 29–36). Although the interstitial liquid in the dykes likely has a 
lower Mg# than their bulk composition (due to olivine and clinopyroxene crystallisation), it is not 
currently possible to quantitatively constrain the position of these dyke magmas on a binodal using the 
available geochemical data. This could be achieved with further geochemical work extending the 
silicate liquid immiscibility experimental database over a greater range of starting compositions. 
3.5.3.2 Emulsion coarsening  
In my samples, slower cooling rates are associated with larger Fe-rich droplets and a wider droplet size 
distribution, both across a single intrusion and between intrusions. For example, in the Tynemouth Dyke 
a three orders of magnitude increase in cooling rate correlates with an order of magnitude increase in 
droplet size (Fig. 3.9) and a widening of the droplet size distribution. Similarly, droplets are larger and 
more variable in size in the centre of the slower cooling Tynemouth Dyke than in the centre of the 
smaller, and therefore faster cooling, Hartley North Dyke. This implies Fe-rich droplet size does not 
scale linearly with cooling rate, and supports previous experimental work that suggests Fe-rich droplet 
size and cooling rate are related by an exponential law (Martin and Kushiro, 1991). A regression through 
their data suggests that variations in Fe-rich droplet size are related to the cooling rate of tholeiitic 
basalts via:  
y = 73.159e-0.646x                  (equation 3.3) 
where x is the average of the 5 largest diameter (µm) Fe-rich droplets in each sample and y is cooling 
rate (°C/h). 
Using the largest Fe-rich droplets in the centre of the Hartley North Dyke, equation 3.3 predicts a 
cooling rate of 5.5°C/h, which is faster than the 1.7°C/h calculated using the simple 1D cooling model 
of Holness et al. (2012). While these estimates are comparable within an order of magnitude, one 
explanation for the disparity could be that factors other than cooling rate control Fe-rich droplet size. 
The coarseness of Fe-rich droplets in unmixed silicate melts is a function of diffusion-controlled droplet 
growth, Ostwald ripening, and/or coalescence. Diffusion-controlled Fe-rich droplet growth is driven by 
the widening of the silicate liquid immiscibility binodal during cooling or chemical equilibration 
(Honour et al., 2019). Ostwald ripening is driven by differences in the surface curvature of the Fe-rich 
droplets as a function of size (McNaught, 1997; Ostwald, 1897). Coalescence occurs as droplets collide 
and is a function of droplet radius, viscosity, density and the energy of the interface (Yao et al., 2005). 
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Recent progress in defining the binodal for silicate liquid immiscibility (Charlier and Grove, 2012), and 
in investigating the microstructure of unmixing magmas with constant cooling rates (Farr et al., 2017; 
Honour et al., 2019) indicates that liquid composition may also affect droplet size due to an expansion 
or reduction in the volume of Fe-rich liquid. 
The largest Fe-rich droplets in the Tynemouth and Morpeth Dyke are bigger than those measured by 
Martin and Kushiro (1991). Their model is not calibrated for cooling rates <2°C/h, and thus does not 
adequately capture the range of cooling rates that my 1D cooling model predicts for the Northeast 
England dykes. Combining my new data for the Northeast England dykes with the experiments of 
Martin and Kushiro (1991) extends the range of cooling rates (Fig. 3.9), and I find that the relationship 
between droplet size and cooling rate (˚C/h) is better expressed by the power law regression: 
y = 84.681x-2.461                   (equation 3.4) 
where x is the average of the 5 largest diameter (µm) Fe-rich droplets in each sample. 
 
Figure 3.9 The relationship between Fe-rich droplet size (average of 
5 largest droplets per sample) and the cooling rate (Table 3.3) for the 
Hartley North and Tynemouth Dykes. Data from the experiments of 
Martin and Kushiro (1991) are shown for comparison. The grey dots 
are for data from Martin and Kushiro (1991) with a trendline showing 
an exponential regression, while the black dashes are for the whole 
data set with a trendline showing a power law regression.  
 
At fast cooling rates (>5°C/h) and low proportions of interstitial liquid as would be found on dyke 
margins (Table 3.3), the time to cool from the moment the remaining liquid intersected the binodal to 
the moment it cooled to the glass transition could be <60 h, based on the known apex temperature of 
the silicate liquid immiscibility binodal (1025°C; Charlier and Grove (2012)) and the glass transition 
73 
 
temperature (experimentally determined to be 725°C for a Kīlauea basalt; Ryan and Sammis (1981)). 
Note that this is likely a maximum estimate as the glass transition temperature increases with faster 
cooling rates (Giordano et al., 2005) and the Kīlauea Iki lava lake cooling rate was three orders of 
magnitude slower than that of even the central regions of the dykes studied here (Helz et al., 2014).  The 
results of Honour et al. (2019) show that 60 h is insufficient time for Ostwald ripening of the Fe-rich 
droplets.  
In the dyke centres, where cooling rates were slower and there was a higher proportion of interstitial 
liquid, the coarser droplet size may be a consequence of diffusive processes (either Ostwald ripening or 
droplet growth driven by chemical equilibration as the binodal widened down-temperature) and/or 
coalescence. Such diffusive processes may be accelerated by a decrease in viscosity of the Si-rich 
immiscible liquid caused by the presence of volatiles, prior to degassing (Kohn, 2000). I do not see 
rapid increases in the Fe-rich droplet size across the dyke width (Table 3.3), as would be expected if 
droplet coarsening were driven by coalescence, and hence I suggest that diffusion-controlled growth is 
the most probable coarsening mechanism, in agreement with the experimental results of Honour et al. 
(2019), who show that droplet coalescence is negligible in rapidly quenched ferrobasaltic experiments.  
3.5.3.3 Microstructures 
In many natural examples of rapidly-cooled basaltic rocks containing evidence of immiscibility, the 
faces of plagioclase grains parallel with the long axis of the grain (e.g. (100), (010)) and in contact with 
glass are not planar but are decorated with micron-scale pillar-like structures that are invariably 
enclosed by Fe-rich droplets of a slightly larger diameter (Philpotts, 1981b). No plagioclase pillars are 
observed in the dykes studied here, which is surprising given that Fe-rich droplets are attached to 
plagioclase grains in all three intrusions. Philpotts (1981b) suggests that pillar formation post-dates the 
attachment of the Fe-rich droplets, and that the presence of an Fe-rich droplet destabilises the 
plagioclase planar growth face, resulting in localised enhanced growth of plagioclase. The Fe-rich 
droplet has a lower viscosity than the surrounding Si-rich liquid and so rapidly diffuses material to the 
growing plagioclase face in comparison with diffusion rates through the higher viscosity Si-rich liquid 
(Philpotts, 1981b). From detailed study of these microstructures in experiments and natural examples 
(Honour et al., 2019), this hypothesis is supported by the enrichment of the pillars in elements with a 
low concentration in the Fe-rich immiscible liquid, such as Na, Al and Si (Veksler et al., 2006). On the 
dyke margins, the cooling rate was >10°C/h. This is faster than in the experimental studies and other 
natural samples (i.e. lava flows and lava lake crust; Charlier and Grove (2012)) and the absence of 
observable pillars in the marginal samples may be because the plagioclase growth rate (likely ~5x10-12 
m/s; Kirkpatrick (1977)) was too slow to permit pillar development before the system cooled through 
the glass transition. However, this cannot explain the absence of pillars in the centre of the dykes where 
cooling rates were slower. An alternative explanation may be that the nucleation of the Fe-rich droplets 




1. Plagioclase aspect ratios and grain sizes are consistent with the magma in the Tynemouth and 
Hartley North Dykes being static, or only weakly convecting, during crystallisation.  
2. 1D thermal modelling assuming conductive heat transfer suggests that the Hartley North (1.03 
m wide), Tynemouth (3.18 m wide) and Morpeth (<5.25 m wide) Dykes took 5, 43, and <117 
days to crystallise, respectively. This equates to cooling rates in the dyke centres of 0.1–
1.7°C/h. 
3. The emulsion microstructure varies as a function of cooling rate, both between intrusions and 
within individual intrusions. Slower cooling rates and increasing size of pockets of interstitial 
melt correlate with increasing Fe-rich droplet number density.  
4. Both the largest Fe-rich droplet size and the range of droplet sizes increase at slower cooling 
rates. The size of the largest droplets and cooling rate are related by the expression 
y = 84.681x-2.461. This study demonstrates that Fe-rich droplet size correlates with the cooling 



















4 COMPOSITIONAL BOUNDARY LAYERS TRIGGER LIQUID 
UNMIXING IN A BASALTIC CRYSTAL MUSH 
---- 
A version of this chapter is published as: 
Honour, V.C., Holness, M.B., Charlier, B., Piazolo, S.C., Namur, O., Prosa, T.J., Martin, I., Helz, 
R.T., Maclennan, J. and Jean, M.M., 2019. Compositional boundary layers trigger liquid 
unmixing in a basaltic crystal mush. Nature Communications 10, 4821. 
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The unmixing of mafic magmas into immiscible pairs of Fe-rich and Si-rich conjugates was first 
identified in lunar samples (Roedder and Weiblen, 1970c) and subsequently in terrestrial volcanic and 
plutonic rocks (Charlier et al., 2013; De, 1974; Dixon and Rutherford, 1979; Jakobsen et al., 2005; 
Namur et al., 2012; Philpotts, 1979). Given the preferential partitioning of elements of economic interest 
into the Fe-rich conjugate (Veksler et al., 2006), a detailed understanding of the mechanisms by which 
significant differences in viscosity, density and wetting properties of the two liquids control the physical 
behaviour of the unmixed liquids in a crystal mush is essential to better understand the origin of ore 
deposits hosted in mafic bodies (Kolker, 1982; Nielsen et al., 2015; Ripley et al., 1998). Such an 
understanding is also vital to decode the processes responsible for the production of silicic melts by the 
differentiation of basalts. 
Since solidified rocks do not generally preserve a record of parental melts, our ability to track the onset 
and evolution of magma unmixing has relied on experiments (Bogaerts and Schmidt, 2006; Charlier 
and Grove, 2012; Hou et al., 2018) and thermodynamic modelling (Ghiorso and Carmichael, 1980). In 
this study, I use microscale high-resolution imaging, electron probe microanalysis (EPMA), and 
nanoscale atom probe tomography (APT) to study a suite of samples from the 1959 Kīlauea Iki lava 
lake. The samples were drilled from the upper crust of the solidifying lava lake in 1976, 1979, 1981 and 
1988 with each core reaching a different depth (Table 4.1; Fig. 4.1). These samples provide a unique 
opportunity to study the systematic evolution of unmixing during crystallisation in a natural system. 
The Kīlauea Iki sample suite (Fig. 4.2, 4.3) is complemented by additional examples of glassy tholeiitic 
basalts from the Laki eruption, Iceland (Neave et al., 2017; Passmore et al., 2012) and basalt flows from 
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the Snake River Plain (SRP), USA (Embree et al., 1978; Jean et al., 2018), which preserve similar 




Figure 4.1 Depth and corresponding temperature immediately prior to drilling of the Kīlauea Iki lava 
lake sample suite from the 1976 and 1981 drill cores. As the Kīlauea Iki lava lake cooled, the isotherms 
in the lava lake crust moved downwards at a progressively slower rate (Barth et al., 1994; Helz et al., 
2014). Consequently, the samples in the two drill cores each experienced a different cooling rate. 
 
4.1.1 Principles of unmixing 
The miscibility gap is defined by the binodal curve, which outlines a region on a phase diagram below 
which it is energetically favourable for a single-phase liquid to unmix (Fig. 1.1). Below the binodal, the 
spinodal defines the temperature-composition space in which there are no thermodynamic barriers to 
unmixing and infinitesimally small fluctuations in composition and density grow spontaneously by 
uphill diffusion (Cahn, 1961), leading to phase separation (Fig. 1.5). The interface between the two 
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phases is characterised by low amplitude concentration differences that sharpen with time (James, 
1975). The two main mechanisms of unmixing of cooling liquids  are therefore nucleation (either 
homogeneous or heterogeneous) below the binodal of droplets of the volumetrically minor phase or, if 
the liquid experiences a large, (near-) instantaneous undercooling, by spontaneous spinodal 
decomposition (Cahn, 1961). Crystal growth also occurs during cooling, with the possibility of the 
formation of compositional boundary layers in the immediately surrounding liquid, although the effect 
of this on unmixing has not previously been considered.  
4.2 Samples analysed 
4.2.1 Kīlauea Iki Lava Lake, Hawaii, USA 
The Kīlauea Iki lava lake formed following the 14 November 1959 summit eruption (Helz, 1980). The 
lava ponded in a crater, forming a closed magma system of 40x106 m3. The lava lake was successively 
sampled through its 35 year crystallisation history. Much of the drilling was done through partially 
molten rock, meaning cooling water was pumped down alongside the drill bit to quench the samples. 
The samples studied are from the 1976-1, 1979-1, 1981, and 1988-2 drill cores (Table 4.1), which are 
0.06m diameter and obtained using diamond bits. Coring resulted in 99% recovery (Table 4.2). The 
Kīlauea Iki lava lake samples chosen to characterise the Fe-rich compositional boundary layer (Fe-rich 
CBL) are cut from (or very close to) the base of each drill section, where the glass content was highest 
(Fig. 4.2, 4.3).  
Table 4.1 Polished sections studied from the Kīlauea Iki lava lake  
(Y = sample was analysed with this technique). 
Sample Sample depth (m) SEM EPMA APT 
KI76 123 37.6 Y   
KI76 135 41.1 Y   
KI76 140 42.8 Y Y  
KI76 143 43.7 Y Y  
KI76 145 44.3 Y Y  
KI76 147 44.8 Y Y Y 
KI76 149 45.5 Y Y  
KI79 197.3 60.1 Y   
KI79 202.0 61.6 Y   
KI81 192.9 58.8 Y Y  
KI81 205.4 62.6 Y Y  
KI81 219.8 67.0 Y Y  
KI81 249.7 76.1 Y Y  
KI88 266.6 81.3 Y   
KI88 300.0 91.4 Y   
KI88 336.3 102.5 Y   











Table 4.2 1976-1 drill core drilling schedule over the length of core studied (Helz 2018 pers. 
comm.). 
Depth (m) Core recovered (m) Comments 
32.0 – 35.1 3.0 - 
35.1 – 38.1 3.0 - 
38.1 – 41.1 3.0 - 
41.1 – 42.8 1.6 KI 140 sample is from the bottom of this core. 
42.8 – 44.3 1.5 KI 145 sample is from the bottom of this core. 
44.3 – 45.5 1.2 KI 149 sample is from the bottom of this core. 
45.5 – 46.0 - Fragmental glass below 45.5 m. 
 
 
Figure 4.2 Compositional boundary layer morphology in BSE images, from samples of the 1976 Kīlauea Iki 
lava lake (a-d) The changing morphology of immiscible liquids in the 1976 drill core from the Kīlauea Iki lava 
lake, viewed in BSE images. (a) Plagioclase (Pl) lath surrounded by an Fe-rich compositional boundary layer 
sampled at 45.4m depth in the crust (quench temperature of 1112°C). (b) A thinner compositional boundary 
layer surrounding plagioclase (quench temperature of 1073°C) and the nanoemulsion is coarser. (c) At 43.7m 
depth (quench temperature of 1054˚C), the compositional boundary layer surrounding plagioclase is 
discontinuous and sub-micrometre thick. Note the presence of darker (more Si-rich) glass immediately 
surrounding pyroxene (Cpx) grains. The bulk of the glass comprises a nanoemulsion (not visible here). (d) 
Isolated and attached Fe-rich droplets in interstitial glass at 42.8m depth (quench temperature 1017°C). Note 
the Fe-rich liquid wets the pyroxene with a low wetting angle. (e) and (f) Compositional boundary layers 
surrounding plagioclase from Snake River Plain tholeiites. The calculated natural quench temperature of this 
sample is 1096°C. Note the oxide dendrites within the compositional boundary layer and partially embedded 









Figure 4.3 The physical behaviour of immiscible liquids from the 1981 drill core from the Kīlauea Iki lava 
lake. (a) BSE image of plagioclase (Pl), and olivine (Ol), surrounded by interstitial glass with an Fe-rich 
compositional boundary layer around the plagioclase grain, quenched from 1114°C during drilling. (b) Well-
formed plagioclase grains, surrounded by an Fe-rich compositional boundary layer (CBL). The Fe-rich CBL is 
thicker in the fastest growth direction of the plagioclase on the (001) face. Note the homogeneity of the 
interstitial glass, quenched from 1135°C during drilling. (c) Plagioclase laths surrounded by an Fe-rich 
compositional boundary layer and clinopyroxene (Cpx) surrounded by a Si-rich compositional boundary layer, 
quenched from 1140°C during drilling. (d) Plagioclase grains with swallow-tail terminations extending from 
the (001) face. The plagioclase grains are surrounded by an Fe-rich compositional boundary layer, within the 






















4.2.2 Laki Lava Flow, Iceland 
The Laki polished section (LAK04; Fig. 4.4) is from episodes VI–X of the 1783–1784 CE basaltic Laki 
eruption in Iceland, for which the lava flow discharged from fissure VII. It was collected at c. 15 km 
from the source vent, and underwent sufficiently fast cooling rate to form a glassy rind. Further details 
can be found in Neave et al. (2013); Passmore et al. (2012).  
 
Figure 4.4 The physical behaviour of immiscible liquids from the Laki eruption, Iceland, preserved by natural 
quench. (a) An overview of the sample, showing plagioclase (Pl), clinopyroxene (Cpx) and olivine (Ol), 
representative of the residual liquid at 1114°C. (b), (c), (d) Plagioclase laths surrounded by a diffuse Fe-rich 
compositional boundary layer (CBL) representative of the residual liquid at 1114°C; the Fe-rich CBL is thicker 
in the fastest growth direction of the plagioclase on the (001) face. 
 
 
4.2.3 Snake River Plain Basalt (SRP), USA 
The samples studied are from the Snake River volcanic province in southern Idaho, USA, from the 
Sugar city drill core through the basalt flows (Fig. 4.5; Table 4.3). These flows contain many glassy 
horizons. Further information is available in Embree et al. (1978); Jean et al. (2018).  
Table 4.3 Polished sections studied from the Snake River Plain tholeiites  
(Y = sample was analysed with this technique). 
Sample depth from core top (m) SEM EPMA 
90.8 Y  
91.3 Y  
91.5 Y Y 
91.7 Y Y 





Figure 4.5 The physical behaviour of immiscible liquids from the naturally quenched Snake River Plain 
basaltic flow, USA, sampled from the Sugar City Exploration Well, Idaho. (a) Plagioclase (Pl) laths surrounded 
by an Fe-rich compositional boundary layer (CBL). Note the melt inclusions hosting a nanoemulsion of 
immiscible liquids. Temperature is determined by glass thermometry (see Methods). The Fe-rich CBL is thicker 
in the fastest growth direction of the plagioclase on the (001) face. (b) Plagioclase laths surrounded by an Fe-
rich CBL representative of the residual liquid at 1093°C. Note the darker (i.e. more silicic) glass surrounding 
the pyroxene (Cpx). (c) Plagioclase laths surrounded by an Fe-rich CBL, representative of the residual liquid 
at 1096°C. (d) Plagioclase laths surrounded by an Fe-rich CBL, representative of the residual liquid at 1096°C. 




4.3.1 Scanning electron microscopy (SEM) 
Samples were characterised using microscopy and a Quanta FEG 650 F SEM for semi-quantitative 
mineral compositions, element EDS X-ray maps and backscatter electron (BSE) imagery, set to 10 kV 
at spot 3, with a working distance of 10 mm at the Department of Earth Sciences, University of 
Cambridge. The BSE imaging of the interstitial liquid (to identify whether it is comprised of a 
nanoemulsion), is at the spatial resolution limits of the SEM. Plagioclase aspect ratio, outer growth rim 
thickness and Fe-rich compositional boundary layer thickness were measured using BSE images. 
4.3.2 Electron probe micro-analysis (EPMA) 
Glass and plagioclase mineral compositions were measured by EPMA using a CAMECA SXFiveFE 
with five WDS spectrometers at the Department of Geology, Mineralogy and Geophysics, Ruhr-
Universität Bochum and a CAMECA SX-100 with five WDS spectrometers at the Department of Earth 
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Sciences, University of Cambridge, both using PeakSight software with ZAF correction. The glass 
analytical routine was run at 15 kV and 8 nA with a 2 µm beam; the plagioclase analytical routine was 
run at 15 kV and 15 nA with a 2 µm beam. Appropriate glass and silicate mineral secondary standards 
were analysed. Analyses of Fe-rich immiscible droplets and Fe-rich compositional boundary layers 
were challenging due to the small area presented (<25 µm²) and the unknown 3D shape creating 
uncertainty about the electron beam interaction volume (this was modelled using Casino v2.48 software 
(Drouin et al., 2007); Fig. 4.6). This means that the Fe-rich conjugate analyses may have a component 
of mixing with the Si-rich conjugate due to the minimum volume with which the probe beam interacts. 
In the Kīlauea Iki lava lake sample from the 1976 drill core at 45.5 m depth below the lake surface, 
three continuous EPMA line profiles were taken across the glass, extending 50 µm from the Fe-rich 
CBL surrounding the plagioclase (Appendix Table 4.C). Likewise, in a sample from 44.8 m depth below 
the Kīlauea Iki lava lake surface, five continuous EPMA profiles were collected outwards from the Fe-
rich CBL for comparison with atom probe tomography analyses (see section 4.3.5).  
 
Figure 4.6 The modelled interaction volume of a 2 µm, 15 kV focused electron beam interacting with an Fe-
rich homogeneous glass, calculated using Casino v2.48 software. 
4.3.2.1 Glass Thermometry 
For consistency, liquid temperature estimates for the samples from Laki, Snake River Plain and Kīlauea 
Iki were recalculated using MgO glass compositions from EPMA and the relationship T (°C) = 
26.3MgOliq + 994.4°C (Putirka, 2008) and where possible, checked against published values (Guilbaud 
et al., 2007; Helz and Thornber, 1987). This equation was developed from previous geothermometry 
work based on samples drilled from the Kīlauea Iki lava lake. All temperatures referred to are the pre-
quench temperature of the liquid. 
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4.3.3 Plagioclase growth rates 
The rate of plagioclase growth in directions parallel to (010) is calculated from the slope of plots of the 
largest long axis plagioclase crystal in each sample versus time (following Kirkpatrick, 1977). Time is 
determined by assuming a constant cooling rate for samples from the KI76 drill core (of 0.001°C/h; 
Helz et al. (2014)) from the onset of plagioclase nucleation at 1163°C (Helz, 1987) to the calculated 
temperature of the sample. The growth rate is an estimate as I assume that there is a constant cooling 
rate, when in reality the movement of the lava lake isotherms progressively changed the slope of the 
geotherm (Barth et al., 1994; Helz et al., 2014), resulting in a non-linear cooling rate. The growth rate 
of plagioclase is anisotropic; the crystals in the lava lake are euhedral, growing in a melt-rich 
environment, so rapid growth in directions parallel to (010) resulted in limited impingement on adjacent 
grains (Fig. 4.7). To account for the crystal growth in two directions, the growth rate is halved 
(Kirkpatrick, 1977). There are many sources of error including those associated with measuring the 
plagioclase long axis, determining the largest crystal and converting temperature differences to time 
scales.  
 
Figure 4.7 A schematic diagram showing a plagioclase grain surrounded by an Fe-rich 
compositional boundary layer. 
 
4.3.4 Sample preparation for Atom Probe Tomography (APT) 
A dual-beam focused-ion-beam (FIB) scanning electron microscope (FEI Helios 660 with EasyLift™ 
micromanipulator) was used to fabricate APT specimens. Standard lift-out methodology was used to 
transfer material wedges from the sample to a micro-tip-array carrier-coupon (Miller et al., 2007). 
Specimens were sharpened using standard annular milling methods (Larson et al., 1999) with an 
additional low energy milling step (Thompson et al., 2006).  
4.3.5 APT measurements and analysis 
Twenty APT tips were analysed at CAMECA Instruments Inc., Madison, Wisconsin, USA, from 
specimens prepared from a sample taken at 44.8 m depth in the 1976 drill core from the Kīlauea Iki 
lava lake (1090°C; Helz and Thornber (1987)). Fourteen APT specimens examined the interstitial glass 
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on a 14 µm long traverse away from a plagioclase grain. Additionally, six APT specimens were analysed 
of plagioclase and the Fe-rich CBL. 
The measurements were performed on a LEAP® 5000 XR in laser-pulse mode. Typical analysis 
conditions used by CAMECA were: specimen base temperature of 30 K, constant detection rates 
between 5–10 ions per 1000 pulses, a laser pulse energy of 200 pJ, a pulse frequency set to achieve 
2000 Dalton, and a time-of-flight range typically 125-250 kHz. Standard IVASTM shank reconstruction 
was used for all reported data (Larson et al., 2013).  For one of the analyses completed before specimen 
failure, the SEM-measured analysis depth was used to calibrate the APT tip reconstruction. These 
reconstruction parameters were subsequently used for all reconstructions.  
It is important to note that APT is most suitable for relative compositional data rather than absolute 
compositional data due to issues with mass ranging and efficiency of recovery during analysis (Exertier 
et al., 2018).  
IVASTM 3.8 was used to extract linear 1D concentration profiles from within sub-volumes of the three-
dimensional datasets. Profiles were taken across the Fe- and Si-rich immiscible conjugate boundaries 
of the nanoemulsion parallel with the analysis direction (z-axis) of the glass tip to ensure maximum 
spatial resolution and prevent artificial features. To delineate these immiscibility boundaries, a 6 at. % 
Fe atomic concentration isosurface was constructed to define the Fe-rich phase of the nanoemulsion i.e. 
the shape/morphology of the Fe-rich immiscible conjugate of the nanoemulsion. The data for these 
linear 1D compositional profiles stem from an elongate bar with a square profile of 10 nm by 10 nm. 
This enabled me to choose 1D profiles that were perpendicular to the interface of the Fe- and Si-rich 
immiscible conjugate boundaries and minimise any “smearing” artefacts in the compositional profiles.  
4.4 Results 
4.4.1 Occurrence of crystal compositional boundary layers  
All samples studied contain macrocrysts (>0.5 mm) of clinopyroxene and olivine in a groundmass of 
plagioclase 100–300 µm microcrysts (Helz, 1980; Neave et al., 2017; Passmore et al., 2012) and glass 
(compositions are presented in Appendix Table 4.A). The modal percentage of glass increases linearly 
with increasing depth in the upper crust of the Kīlauea Iki lava lake; in the 1976 drill core the modal 
glass percentage increases from 14.3% at 42.8 m depth to 44.4% at 45.5 m (Barth et al., 1994). In 
samples from the three localities, optimising the contrast-brightness in BSE images at high 
magnification reveals that plagioclase grains are surrounded by a continuous compositional boundary 
layer (CBL; Zellmer et al. (2016)), which is enriched relative to the bulk melt with elements 
incompatible in plagioclase, chiefly Fe, with Mg, P, Mn and Ti. The Fe-rich CBLs are compositionally 
similar to the Fe-rich immiscible liquid analysed in experimental and natural sample studies (Fig. 4.8) 
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(Fig. 4.8; Charlier and Grove, 2012; Honour et al., 2019; Krasov and Clocchiatti, 1979; Philpotts, 
1981a; Philpotts, 1982; Ryabov, 1989; Veksler et al., 2007).  
 
Figure 4.8 Plot of the composition of Fe-rich and Si-rich immiscible liquids preserved as glassy droplets in a 
range of tholeiitic volcanic rocks, melt inclusions, and experiments. The light grey area is the two-liquid field 
from the fayalite-leucite-silica system. EPMA compositions determined for this study are overlaid; the Fe-rich 
compositions are plotted in red, while the surrounding interstitial glass is plotted in blue. 
 
I examined samples from the 1976 Kīlauea Iki drill core at progressively shallower depths (between 
45.5 m–37.6 m) to trace the temporal evolution of the Fe-rich CBLs. Pre-quench temperatures range 
from 1112˚C to sub-solidus, based on glass thermometry, with absolute calibration uncertainties of ± 
8°C (Helz and Thornber, 1987; Putirka, 2008; Appendix Table 4.A). Plagioclase crystallisation 
commenced at 1163°C (Helz, 1987; Helz et al., 2014). As the Kīlauea Iki lava lake cooled, the isotherms 
moved downwards in the lava lake crust (Barth et al., 1994; Helz et al., 2014) and cooling rates 
decreased with time. Hence, the cooling rates experienced by specific core samples strongly depend on 
where (and when) they were collected. Samples studied from the 1976 Kīlauea Iki drill core cooled at 
0.009–0.011°C/h, whereas samples from the 1981 and 1979 drill cores cooled at a slower rate (0.0002–
0.0003°C/h; Fig. 4.1; Helz et al., 2014). 
The Kīlauea Iki plagioclase is typically well-facetted (Fig. 4.2, 4.3), indicating interface-controlled 
growth (Kirkpatrick, 1975). It is normally zoned (with a maximum compositional difference of ~10 
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mol. % An (Helz, 1987)), generally exhibiting a core and a well-defined relatively Na-rich rim 
(identifiable in EDS and BSE images). The thickness of the Fe-rich CBL varies from 0.5–2.5 µm and 
is thickest on the fastest growing faces of the grain, which are those perpendicular to (010) (Fig. 4.2a, 
b; Fig. 4.7). The aspect ratio of the Fe-rich CBL (defined as the ratio of the thickness of the CBL on the 
faces perpendicular to (010) and the thickness of the CBL on the (010) faces) positively correlates with 
the aspect ratio of the plagioclase Na-rich rim (defined as the ratio of the rim thickness on the faces 
perpendicular to (010) and the rim thickness on the (010) faces; Fig. 4.9). Both these aspect ratios 
decrease upwards towards the lava lake surface.  
  
 
Figure 4.9 (a) The average aspect ratio of the Na-rich rims on the plagioclase compared with the thickness of 
the Fe-rich compositional boundary layer (CBL) perpendicular to (001) crystal face for samples from Snake 
River Plain (SRP), and the 1976 and 1981 Kīlauea Iki lava lake drill cores. (b) Average overall aspect ratio of 
plagioclase grains against Fe-rich compositional boundary layer (CBL) perpendicular to (001) crystal face. 
Uncertainties were determined by the bootstrap method. This data is plotted from Appendix Table 4.B. 
The Fe-rich CBL is most noticeable, being both continuous and homogeneous, in samples collected 
deeper than 44 m (>20% glass) in the Kīlauea 1976 drill core. At 43.7 m (1054°C), the Fe-rich CBL is 
discontinuous, comprising sub-micron Fe-rich droplets surrounded by a continuous Si-rich phase (Fig. 
4.2c). By 42.8 m (1017°C), Fe-rich CBLs are absent and evidence of immiscibility is confined to 
apparently isolated pockets of glass (generally 1–3 mm² in 2D) in which 5–10 µm diameter Fe-rich 
droplets are attached to plagioclase with a high apparent wetting angle (>100°; Fig. 4.2d), together with 
isolated Fe-rich droplets of comparable diameter dispersed within the Si-rich continuous phase. Locally, 
at 42.8 m (1017°C), Fe-rich droplets adhere to pyroxene grains with a low apparent wetting angle (<40°; 
Fig. 4.2d).  
In samples with thick, >1 µm, Fe-rich CBLs (i.e., the deeper 1976 drill core samples; Fig. 4.10a) the 







































images, with the margin of the Fe-rich CBL comprising an emulsion of Fe-rich immiscible droplets 
dispersed in a Si-rich continuous phase: the Fe-rich droplets fine away from the Fe-rich CBL. Shallower 
drill core samples with thinner Fe-rich CBLs, exhibit a sharp contact between the Fe-rich CBL and the 
surrounding interstitial glass (Fig. 4.2b). Plagioclase grains in the deepest sample studied (45.5 m) have 
prominent spines, <25 µm long, extending in the direction of fastest growth (Fig. 4.2a,b), and these 
indicate a period of diffusion-limited growth (Cahn, 1967). The spines are rarer and shorter (<1 µm 
long) in shallower samples with thinner Fe-rich CBLs. Pyroxene is surrounded by a 1–2 µm wide Si-
rich compositional boundary layer (Si-rich CBL) which, although less well developed than the Fe-rich 
CBL around plagioclase, mirrors the attributes of the latter.  
While each sample experienced the same rate of quenching, the character of the Fe-rich CBL 
systematically evolves through the 1976 and 1981 Kīlauea Iki drill cores. Hence, the formation of the 
CBL cannot be related to drilling-induced quenching. This interpretation is supported by the 
observations that: (i) plagioclase grains are surrounded by an Fe-rich CBL regardless of their position 
relative to the drill core edge (and therefore the rate of quenching); (ii) the Na-rich plagioclase rim width 
correlates with Fe-rich CBL thickness (Fig. 4.9a); (iii) the Na-rich rim aspect ratio is consistent with 
slower growth than that expected during a quench (Holness, 2014); and (iv) locally, the Fe-rich CBL 
contains dendritic crystals of oxide partially embedded in the plagioclase substrate, consistent with 
simultaneous oxide and plagioclase growth (Fig. 4.2e, f).  
Similar Fe-rich CBL microstructural features are observed in the glass of the SRP tholeiites from the 
Sugar City drill core, and in the Laki samples preserved by a natural “quench” as the lava flows cooled 
rapidly through the glass transition temperature (Fig. 4.4, 4.5). This occurred at temperatures between 
1093°C to 1096°C for the SRP basalts and at 1114°C for the Laki sample (based on glass thermometry; 
Putirka (2008)) comparable to the drill-related quenching of the 1981 Kīlauea Iki drill core samples at 
1114 – 1140°C (Helz and Thornber, 1987). In the 1981 Kīlauea Iki drill core, the Fe-rich CBL is thin 
yet well-defined, thinning with decreasing drill core depth over 8.2 m, from an average of 0.8 to 0.5 µm 
for the Fe-rich rim perpendicular to the (001) plagioclase face (Fig. 4.10c). The SRP Fe-rich CBL is 
well-defined, thinning with decreasing drill core depth over 5 m, from 2.0 to 1.5 µm for the Fe-rich rim 
perpendicular to the (001) plagioclase face (Fig. 4.5; 4.10b), while the Laki sample has more diffuse, 
thinner Fe-rich CBLs (~0.7 µm; Fig. 4.4). 
4.4.2 Kīlauea Iki glass compositions  
With decreasing depth in the 1976 drill core relative to the lake surface, SiO2 concentrations of the 
apparently homogeneous bulk liquid increase from 50 to 65 wt.%, while FeOtotal concentrations decrease 
from 12 to 5 wt.% (Fig. 4.11). Correspondingly, the FeO concentration of the Fe-rich droplets increases 
with decreasing depth: at 45.5 m (1112°C) the average FeO concentration is 21 wt.%, increasing to 27 
wt.% at 42.8 m depth (1017°C), consistent with published compositions for immiscible liquids (Fig. 
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4.8; Charlier and Grove, 2012). There is no change in the crystal assemblage associated with these 
variations in glass composition. Furthermore, because the Kīlauea Iki lava lake system was open with 
respect to H2O and had a confining pressure typically less than 6 bars (Helz et al., 2014), the observed 
compositional variations cannot have resulted from variations in either H2O content or pressure. 
 
 
EPMA profiles extending 50 µm outwards from the Fe-rich CBL (at 45.5 m) show constant SiO2 
concentrations, whereas oxides such as FeO, TiO2 and MgO are depleted in a 10 µm wide zone adjacent 
to the Fe-rich CBL (Fig. 4.12); these are oxides that preferentially partition into an Fe-rich immiscible 
liquid (Schmidt et al., 2006). In the same 10 µm wide zone there is a small increase in elements such as 
Al2O3 and Na2O; these are oxides that preferentially partition into a Si-rich immiscible liquid. This 
chemical concentration pattern is expected for the formation of a two-phase mixture by nucleation and 
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Depth in the KI81 drillcore (m)
(c) Figure 4.10 (a) The thickness of the Fe-rich 
compositional boundary layer (CBL) 
perpendicular to the plagioclase (001) crystal 
face as a function of depth in the Kīlauea Iki 
lava lake 1976 drill core. (b) The thickness of 
the Fe-rich CBL perpendicular to plagioclase 
(001) crystal faces as a function of depth in the 
Snake River Plain drill core. (c) The thickness 
of the Fe-rich CBL perpendicular to 
plagioclase (001) crystal faces as a function of 
depth in the Kīlauea Iki lava lake 1981 drill 
core. This data is plotted from Appendix Table 
4.B. Grey circles show individual data points 




Figure 4.11 The FeOtotal concentration (wt.%) of interstitial glass as a function of depth 
in the Kīlauea Iki lava lake 1976 drill core (the data is plotted from Appendix Table 4.A). 
Grey circles are individual data points and red diamonds are average values. 
 
Figure 4.12 A micron-scale compositional transect obtained using EMPA through Si-
rich glass adjacent to an Fe-rich CBL. Sample from the crust of the Kīlauea Iki lava lake, 
sampled from the 1976 drill core at 45.5 m (quench temperature of 1112°C). Note the 
two different scales depending on element.  
4.4.2.1 Atomic scale chemical and spatial characteristics  
Three-dimensional APT reconstructions of compositional data (Fig. 4.13) of the Kīlauea Iki lava lake 
1976 drill core sample from 44.8 m (1090°C; Helz and Thornber (1987)) show that the Fe-rich CBL 
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plagioclase (Fig. 4.15) and a diffuse contact over 10 nm with the adjacent liquid (Fig. 4.16; Appendix 
Table 4.D). There is no marginal Fe-enrichment of the plagioclase, even at the nanoscale (Fig. 4.15). 
The Fe-rich CBL is rich in those elements expected to preferentially partition into an Fe-rich immiscible 
liquid (Bogaerts and Schmidt, 2006). The APT compositional data shows distinct jumps between the 
different components with no indication of diffusion-related elemental profiles (Fig. 4.16), therefore I 
discount significant post-solidification diffusion of elements between the two glasses. 
EPMA traverses across the interstitial liquid surrounding the Fe-rich CBLs (from the same sample at 
44.8 m) show a homogeneous composition (Appendix Table 4.C). At the greater spatial resolution 
provided by the APT it is evident that the interstitial liquid (up to 14 µm away from the Fe-rich CBL; 
Fig. 4.13) is actually a nanoemulsion in which the Fe-rich immiscible liquid forms branch-like 
interconnected structures and isolated clusters within the continuous interstitial liquid. The Fe-rich 
immiscible liquid is separated from the interstitial liquid by sharp boundaries (glass tip 179377, shown 
in Fig. 4.16), with no quantifiable spatial variations in morphology, composition, size or spacing. 
Concentrations of Si increase within 2–4 nm of the nanoemulsion phase boundary on the Si-rich side; 
likewise, Fe concentrations increase on the Fe-rich side (Fig. 4.16). Importantly, these compositional 
features are present regardless of the size of the individual regions; they are consistent with spinodal 
decomposition (Findik, 2012).  
The Fe-rich CBL and the Fe-rich immiscible liquid of the nanoemulsion are largely similar in 
composition, but the Fe-rich CBL is depleted in Al and Na relative to the Fe-rich immiscible liquid of 
the nanoemulsion: the Al and Na concentration of the Fe-rich immiscible liquid of the nanoemulsion 













Figure 4.13 Three-dimensional reconstruction of APT data from twenty glass tips analysed across a plagioclase 
grain, its adjacent Fe-rich CBL and the surrounding interstitial liquid (comprised of a nanoemulsion) in a 
sample from Kīlauea Iki lava lake 1976 drill core, quenched from ~1090°C during drilling at a depth of 44.8 
m. Each dot represents a single atom, but not all atoms are shown. The yellow star denotes samples shown in 








Figure 4.14 APT relative compositional data for sample (a) 179526, (b) 173970, for Si at.% and Fe at.% across 
the Fe-rich compositional boundary layer sampled by those glass tips in Fig. 4.13 that are marked with a yellow 
star. The two samples are taken from the Kīlauea Iki lava lake 1976 drill core, quenched from ~1090°C during 
drilling at a depth of 44.8 m. The standard deviations across the Fe-rich CBL for each are 0.6 and 0.6, 





Figure 4.15 APT relative compositional data for sample (a) 178414, (b) 179197, for Al at.%, Fe at.%, and 
(Ca/Ca+Na+K) at.% across the margin of a plagioclase grain surrounded by an Fe-rich CBL – see glass tips in 
Fig. 4.13 that are marked with a yellow star. Sample is taken from the Kīlauea Iki lava lake 1976 drill core, 
quenched from ~1090°C during drilling at a depth of 44.8 m. The standard deviations across plagioclase for 
each are 0.6, 0.3, and 0.05, respectively. The respective standard deviations across the Fe-rich CBL for each 















































































































Figure 4.16 Three-dimensional reconstruction of atom probe tomography data from compositional boundary 
layers around plagioclase from three representative APT tips, including 1D element profiles across the 
compositional boundaries; Kīlauea Iki lava lake sample from 44.8 m depth (quench temperature of 1090°C). 
Each dot represents a single atom, but not all the atoms are shown. One-dimensional compositions from sub-






Figure 4.17 (a) Relative APT compositions of plagioclase, its Fe-rich compositional boundary layer (CBL), 
and the Fe-rich immiscible liquid of the surrounding nanoemulsion. (b) Relative APT compositions of 
plagioclase, its Fe-rich CBL, and the Fe-rich immiscible liquid of the surrounding nanoemulsion. The data are 
plotted from Appendix Table 4.A and 4.D. The sample is from the Kīlauea Iki lava lake 1976 drill core, 














































4.5.1 Nucleation and evolution of unmixing: triggers and relationships 
The non-zero wetting angle (Holness, 2006) of Fe-rich liquid on a non-mafic mineral, and the spatial 
correlation between Fe-rich CBL thickness and the growth rates of different plagioclase faces (Fig. 4.9) 
both demonstrate that the Fe-rich CBL surrounding plagioclase, and the weakly developed Si-rich CBL 
surrounding pyroxene, are disequilibrium features created during crystal growth. That the Fe-rich CBLs 
are continuous, with no evidence of separation into individual droplets required for textural equilibrium, 
must therefore be due to continuing plagioclase growth sustaining the Fe-rich CBL and preventing it 
from reaching textural equilibrium.  
The creation and maintenance of a CBL around a growing crystal requires plagioclase growth rates to 
be commensurate with, or surpass, the diffusion rates of elements in the surrounding liquid. Different 
elements have different diffusion rates in different viscosity melts (Zhang et al., 2010); however, 
diffusion coefficients for the Makaopuhi and Alae lava lakes (Kirkpatrick, 1977) range from 5x10-15 
m2/s to 5x10-14 m2/s – these are lava lakes of similar composition to the Kīlauea Iki lava lake, but smaller 
in size. The Makaopuhi and Alae lava lakes have plagioclase growth rates of ~5 x 10-11 to 10-12 m/s 
(Kirkpatrick, 1977); I calculate slightly slower plagioclase growth rates of c. 10-12 m/s for Kīlauea Iki 
lava lake samples, which is unsurprising given that the samples are from a bigger lava lake and are 
sampled from deeper in the lake (Appendix Table 4.B). Over a distance of 20 µm, the plagioclase 
growth rate is comparable to that of the diffusion rate.  
Previous studies suggest that cryptic crystal chemical zonation in plagioclase on the 1 µm scale may 
result from CBL development (Zellmer et al., 2016). My data showing the Na-rich rims on the same 
scale as the surrounding Fe-rich CBLs (Fig. 4.9), and the relatively Na- and Al-poor composition of the 
Fe-rich CBL compared with the nanoemulsion Fe-rich liquids (Fig. 4.17), are consistent with the 
plagioclase Na-rich rim forming at the same time as the Fe-rich CBL. This may lead to a cyclic process 
of formation and destruction (Zellmer et al., 2016), whereby the development of Fe-rich CBLs in a 
continuously evolving system facilitates the growth of Ca-poor plagioclase, which then reverts to 
relatively Ca-rich growth if the CBL is destroyed by magma flow. The morphology of the plagioclase 
grains from the Kīlauea Iki lava lake (Fig. 4.2, 4.3; along with the SRP data set, Fig. 4.5) suggests that 
once the Fe-rich CBL has formed, crystal growth switches from interface-controlled to diffusion-
limited, resulting in the growth of extended spines on the grain corners where the Fe-rich CBLs are less 
depleted in crystal-forming elements (Hammer and Rutherford, 2002; Zellmer et al., 2016). 
The Fe-rich CBL surrounding plagioclase becomes thinner as solidification proceeds (Fig. 4.10), and 
the Fe-rich CBL evolves during solidification into a series of attached Fe-rich immiscible droplets (at 
42.8 m, 1017˚C, Fig. 4.2d) indicative of an approach to textural equilibrium. This suggests the rate of 
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plagioclase growth, and hence the extent to which textural equilibration is prevented, decreases with 
progressive crystallisation and liquid evolution, perhaps due to a change in cooling rate. Isolated Fe-
rich droplets in the shallowest (and most solidified) Kīlauea Iki lava lake sample provide further 
evidence of a temporal evolution in the unmixing process (the idealised evolution is illustrated in Fig. 
4.18). This is consistent with unmixing later in the crystallisation history occurring by homogeneous 
nucleation in the bulk liquid, rather than being triggered by crystal growth, plausibly because only later 
in the crystallisation history is the undercooling sufficient to drive homogeneous nucleation. 
The 1976 Kīlauea Iki lava lake transect covered by this sample suite cooled at 0.009°C/h – 0.0011°C/h 
(Helz et al., 2014). If I assume a constant cooling rate, the temporal difference between the deepest 
(45.5 m) and shallowest (42.8 m) samples containing immiscible microstructures is of the order of 11–
14 months, suggesting that the differences I observe in the distribution and morphology of the unmixed 
Fe-rich liquids developed over a year. As the isotherms moved downwards with time and the slope of 
the thermal gradient of the lava lake became shallower (Helz et al., 2014), this estimate is likely a 
maximum.  
Although compositional heterogeneities in liquids surrounding growing crystals are typically associated 
with diffusion-limited crystal growth (Cahn, 1967), my observations show that they may also result 
from growth under interface-controlled conditions (shown by the equant plagioclase morphology; Fig. 
4.18; t1a and t1b). Furthermore, the creation of an Fe-rich CBL enriched in components rejected by 
plagioclase promotes full unmixing in liquids close to the binodal, without the need to nucleate and 
grow droplets. The same is true for the Si-rich CBL developed around pyroxene (Fig. 4.2c). My 
observations thus demonstrate that kinetic effects related to crystal growth strongly affect the location 
and nucleation of unmixing, particularly at temperatures above 1020°C.   
4.5.2 Nanoemulsion formation 
The observed nanoemulsion in the Kīlauea Iki lava lake drill cores (Fig. 4.13) may have formed as the 
water used during drilling encountered each sample, undercooling sufficiently that the spinode was 
attained before homogeneous nucleation occurred. Alternatively, it could be a preserved feature of 
unmixing during the solidification of the Kīlauea Iki magma at natural rates, which has been hitherto 
missed as these nanoemulsions are only visible with the spatial resolution of APT. The natural cooling 
rates of the SRP and Laki samples may have been sufficient to promote spinodal unmixing, and future 
work will need to focus on such fine-scale unmixing in both natural and experimental samples, 
complementing work on nanoemulsions formed by quenching from high temperatures during meteorite 




Figure 4.18 Schematic diagram depicting the evolution of unmixing features with progressive cooling at 
natural rates based on my data. Interface-controlled plagioclase growth promotes the formation of an Fe-rich 
compositional boundary layer, due to enrichment of the surrounding liquid in metalliferous elements. The Fe-
rich CBL evolves temporally, coeval with the increasing crystal:liquid ratio, as a function of time and 
temperature, from panel t1 to t4, where t4 represents the lowest temperature and longest time of cooling. 
Overall, the creation of an Fe-rich CBL enriched in components rejected by plagioclase promotes full unmixing 
in liquids close to the binodal, without the need to nucleate and grow droplets. As plagioclase growth slows, 
an Fe-rich CBL can no longer be maintained and Fe-rich droplets nucleate both homogeneously and 
heterogeneously. Note that the processes illustrated in the cartoon are italicised. 
 
4.5.3 Effect of crystal growth on the position of the binodal 
An outstanding question is why Fe-rich CBLs, which are such a prominent feature of the samples from 
Laki, SRP, and Kīlauea Iki (Fig. 4.2-4.5), have not been commonly observed in experimental studies 
of immiscibility in basaltic glass (with one exception; Wang et al. (in prep)). Depending on the contrast-
brightness optimisation for BSE imaging, such Fe-rich CBLs can easily be overlooked. Additionally, I 
suggest that the generally high nucleation density in experimental charges, results in a high crystal 
surface:liquid ratio, which prevents the development of steep compositional gradients in the 
surrounding liquid. I propose that at slow cooling rates typical of natural basaltic magmas, a lower 
nucleation rate, larger crystals, and thus a low crystal surface:liquid ratio, mean that kinetic effects 
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associated with crystal growth lead to earlier (higher temperature) unmixing of an Fe-rich immiscible 
liquid (in the form of an Fe-rich CBL), compared to experimental analogues. The spread in my 
compositional data for the Fe-rich CBL and Fe-rich immiscible droplets (Fig. 4.19) is attributed to limits 
on the spatial resolution of the EPMA (see section 4.3.2). 
 
Figure 4.19 The silicate liquid immiscibility field. Temperature as a function of the 
degree of polymerisation (NBO/T: NBO = non-bridging oxygens and T = Si + Al + P + 
Ti); calculated from EPMA data on the glasses from Appendix Table 4.A. The shaded 
grey region represents the experimentally defined two-liquid field (Charlier and Grove, 
2012), the dotted line represents the maximum compositional space where the natural 
examples show evidence of unmixing by a compositional boundary layer. 
 
My calculated liquid temperature estimates were used to constrain the position of the binodal, plotted 
with respect to the parameter NBO/T (Fig. 4.19; where NBO is the number of non-bridging oxygens 
and T is the concentration of the tetrahedrally-coordinated network-forming cations Si, Al, P and Ti 
(Mysen, 1983)). The highest temperatures at which Fe-rich CBLs are present in samples from Laki, 
SRP and Kīlauea Iki are 1114°C, 1096°C and 1112°C, respectively; this is significantly hotter than 
previous suggestions for the top of the binodal at 1020°C (Charlier and Grove, 2012; Honour et al., 
2019), although closer to the temperature of ~1060˚C suggested for the onset of immiscibility in the 
Upper Zone of the Bushveld Complex in South Africa (Fischer et al., 2016). The calculated temperature 
at which homogeneously nucleated Fe-rich immiscible droplets appear (around 1020°C; Fig. 4.19) 
broadly correlates with the temperatures experimentally derived for the onset of immiscibility (Charlier 
and Grove, 2012), supporting the hypothesis that the discrepancy between my observations and those 
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of experimental studies is indeed caused by crystal growth in natural samples promoting Fe-rich CBL 
formation, and hence unmixing, at temperatures higher than required for homogeneous nucleation of 
droplets.  
The timing and extent of Fe-rich CBL development in natural samples depends on magma composition 
and the kinetics of diffusion and crystal growth. My work suggests that, if pre-existing phenocrysts act 
as nuclei, interface-controlled growth at high temperatures could result in immiscibility occurring at a 
higher temperature than previously recognised. 
4.5.4 High temperature unmixing: its importance for phase separation and chemical 
evolution 
This study provides direct evidence from natural samples of the morphological evolution of an 
unmixing basaltic liquid with progressive cooling (Fig. 4.18). The data demonstrate the importance of 
crystal growth induced spatial heterogeneities in liquid composition in triggering unmixing. The 
application of APT on natural glass gives a unique insight into the 3D nanoscale morphology of two 
unmixed liquids at a high spatial resolution (Fig. 4.16). In the slowly cooled natural samples, the 
development of an Fe-rich CBL illustrates unmixing at a considerably higher temperature (and lower 
corresponding under-cooling) than observed in experimental charges (Fig. 4.2-4.5), with a progressive 
attainment of the expected equilibrium morphology of the emulsion. It is clearly not safe to assume that 
the onset of unmixing is controlled by thermodynamics alone: kinetic factors play an important role. 
The calculated density difference between the Fe-rich immiscible liquid (both Fe-rich CBL and Fe-rich 
immiscible droplets) and Si-rich conjugates examined here (following Bottinga and Weill, 1970) is 
small (<0.3 g/m3), as they are in close proximity to the apex of the miscibility gap (Hou et al., 2017; 
Fig 4.19). This similarity means separation of the two conjugates is likely to be inefficient. However, 
as an immiscible Fe-rich end-member evolves down-temperature from the apex of the binodal, the 
density difference will increase. My study provides direct evidence of a continuous film (in textural 
disequilibrium) of Fe-rich liquid coating plagioclase grains (Fig. 4.2-4.5). Conceivably, when the 
density of the Fe-rich liquid reaches a critical density threshold, the continuity of this film could 
facilitate the downwards movement of the dense, inviscid liquid. Consequently, the onset of unmixing 
at higher temperatures than previously thought increases the potential for the relative movement of the 
two immiscible liquids in a gabbroic crystal mush, as at higher temperatures there are lower crystal 
fractions, and hence mush permeability is higher.  
Finally, I note that Iceland and the SRP are tholeiitic provinces with a dearth of intermediate 
compositions (Charlier et al., 2013). It is thought-provoking to consider whether the identification of a 
mechanism for higher temperature unmixing at lower crystallinities has relevance to the formation of 
the Daly gap. 
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5 LATE-STAGE SEGREGATION EVOLUTION IN THE 
SKAERGAARD INTRUSION 
---- 
The whole rock data presented in this chapter were analysed by Nic Odling at the Grant Institute, 
University of Edinburgh. Data processing and interpretation of the results was my own work. 
---- 
Layered intrusions provide an insight into the geochemical evolution of magmas, increasing our 
understanding of processes operating in solidifying mushes in the shallow crust (O'Driscoll and 
VanTongeren, 2017). The well-exposed Skaergaard Intrusion of East Greenland is viewed as an 
unparalleled example of closed-system behaviour and uninterrupted fractionation of basaltic magma, 
enabling study of paradigms and controversies in igneous petrology. If we understand active magma 
chambers as mushy and crystal-rich (e.g. Huang et al., 2015), then the study of migrating interstitial 
liquids in layered intrusions can be used to test and refine models of sub-volcanic systems, such as 
trans-crustal mush zones (e.g. Cashman et al., 2017).  
The Skaergaard Intrusion was discovered by Lawrence Wager in 1930. Between 1935–36 he led the 
first scientific expedition to the intrusion and his influential account of its geology was published three 
years later (Wager and Deer, 1939). Much of the early work on Skaergaard focused on mapping, 
petrological and mineralogical studies, with later research expanding into geochemistry. Study of the 
Skaergaard Intrusion has helped shape ideas about the processes of magma differentiation, crystal 
fractionation and cumulate theory, applicable to the layered intrusion and volcanology communities 
(e.g. Wager and Brown, 1968).  
Excellent exposure, combined with extensive petrological and geological context, makes the 
Skaergaard Intrusion an ideal natural laboratory to answer questions about the behaviour of crystal 
mush and the effects of silicate liquid immiscibility in large-scale systems with very slow cooling rates. 
In this chapter, the key questions I address are: 
a) How did the late-stage interstitial liquids evolve during solidification of the intrusion? 
b) When did the late-stage accumulated liquids reach silicate liquid immiscibility?  
c) How does mush rheology affect the migration of late-stage liquids?  
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5.1 Previous work on the Skaergaard Intrusion 
5.1.1 The Regional Geology 
The Skaergaard Intrusion forms an irregular oval outcrop, covering an 8 x 11 km area and it is ~4 km 
thick (Nielsen, 2004). It intrudes the surrounding Precambrian basement gneiss (to the north and west; 
Kays et al. (1989)), a thin succession of Cretaceous to Early Palaeocene sediments (on the island of 
Mellemø and to the north-west; Andersen and Brooks (2003)), and is overlain by >6.5 km of Eocene 
basaltic plateau lavas (to the east and south; Higgins and Soper (1981); Fig. 5.1). Subsequent tectonic 
rotation has caused the intrusion to tilt by 10–20° to the south, exposing a near-complete stratigraphic 
transect; in the north the lower parts of the intrusion are exposed, while in the south the contact with 
the roof zone has locally been preserved (Wager and Deer, 1939).  
Skaergaard is thought to have solidified over ~100,000 years (Wotzlaw et al., 2012). Zircons from the 
last stages of crystallisation have been dated at 55.960 ± 0.018 Ma using the U–Pb  system (Wotzlaw 
et al., 2012), superseding the previous fission track age of 54.6 ± 1.7 Ma (Brooks and Gleadow, 1977). 
Given the zircon crystallisation ages (sampled from an intercumulus gabbroic pegmatite in the lower 
portion of the intrusion), Wotzlaw et al. (2012) estimate the emplacement age of the intrusion to be 
~56.02 Ma.  
5.1.1.1 Regional faulting  
The shape of the intrusion is thought to have been controlled by pre- and syn-magmatic NNW–SSE and 
NE–SW extensional faulting (Irvine, 1992; Nielsen, 2004), particularly on the western margin (Nielsen, 
2004). Humphreys and Holness (2010) postulated that such faulting may have affected cumulate 
formation during intrusion solidification. Post-solidification faults, running sub-parallel to the coast-
parallel flexure (Nielsen and Brooks, 1981), have been mapped across the intrusion by Bird et al. (1986); 
and McBirney (1989), and are shown in geological cross-sections of the intrusion developed by Nielsen 
(2004). 
5.1.2 Cumulate nomenclature 
A key challenge for studying layered intrusions is that the solidified remnants are only indirect records 
of the evolution of the parental magma. As such, the nomenclature of igneous cumulates is extensive 
and names can be descriptive or genetic. Originally Wager (1960) described cumulus crystals as: 
“discrete crystals successively separated from the magma as a result of their greater density”. However, 
it is now known that Skaergaard cumulate plagioclase was less dense than the bulk magma, so should 
have floated (e.g. Bottinga and Weill, 1970; McBirney and Noyes, 1979), rendering the specific 
definition of Wager (1960) redundant. As Irvine (1982) stresses, “because of their connotations, the 
words were ‘foes of reality’”.  
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Irvine (1982) defines ‘cumulate’ so that crystal settling is a possible but not essential process in the 
origin of the rock. Following this nomenclature, I use cumulate as characterised by a cumulus 
framework of touching grains, where the cumulus grains are the fractionated primocrysts. Generally, 
these are cemented together by postcumulus material that crystallised from the interstitial liquid in the 
interstices. Specifically, in orthocumulates, postcumulus material should be abundant and the cumulus 
grains should largely be in their original primocryst shapes. In adcumulates, postcumulus material 
occurs as minor, discrete occurrences and if there was extensive post-accumulation growth, the cumulus 
grains should have mutual interference boundaries developed through overgrowths (Irvine, 1982). 
 
Figure 5.1 Geological map of the Skaergaard Intrusion, by McBirney (1989), with the white circles showing 
the location of samples investigated in this study (Appendix Table 5.A). Map in the upper right corner shows 
the location of the geological map area in Greenland. Schematic cross-section of the Skaergaard intrusion on 
the left-hand side shows the relationships between the LS, UBS and MBS. LZ = Lower Zone; MZ = Middle 
Zone; UZ = Upper Zone; MBS = Marginal Border Series; UBS = Upper Border Series. Subdivisions of each 
series and the sequence of crystallization in the LS are shown on the schematic cross-section. 
 
The cumulate paradigm has been subject to repeated discussions, both past and present (e.g. Campbell, 
1978; Holness et al., 2017b; Irvine, 1982; McBirney and Hunter, 1995; O'Driscoll and VanTongeren, 
2017), with discussion focussing on the question of whether layered intrusions are modified post-
crystallisation? The conventional view, and the one on which the ideas in this thesis are based, is that 
layered intrusions are largely a record of the progressive crystallisation of one or more magmas. In this 
model the bulk rock is a mixture of the minerals crystallised along the cotectic, plus the crystallised 
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interstitial liquid. Debate continues about whether the crystal pile accumulated by in situ nucleation and 
growth (e.g. Campbell, 1978) or by gravitational deposition (Holness et al., 2017a). The unconventional 
view of cumulate rocks is that they have undergone extensive modification and recrystallisation in melt-
poor conditions during and after solidification (e.g. Boudreau, 2017; Boudreau and McBirney, 1997; 
McBirney and Hunter, 1995) and consequently, as stated by Allen Glazner “using the rocks as they now 
appear to infer magmatic processes is about as difficult as trying to decipher sedimentary process from 
a metamorphic rock” (Boudreau, 2017). 
Modification by postcumulus metasomatism chiefly results in recrystallised rocks or replacement rocks 
(Irvine, 1982). The former typically has the same modal assemblage as the primary igneous rock but a 
different texture; the latter has a different modal assemblage, generally with fewer phases. Commonly 
postcumulus metasomatism transgresses layering and so recrystallisation and replacement can occur on 
a volume-for-volume basis. Therefore, the key to establishing if cumulates underwent postcumulus 
metasomatism is the microstructure (Holness et al., 2017b). 
5.1.3 Lithological Divisions 
The Skaergaard Intrusion crystallised in concentric zones from the margins inwards, forming three 
major divisions: (i) the Upper Border Series crystallised from the roof of the intrusion downwards 
(UBS, ~50 km3) and is ~600 m thick (Nielsen, 2004), (ii) the Marginal Border Series crystallised along 
the walls of the intrusion inwards (MBS, ~50 km3), and (iii) the Layered Series crystallised and 
accumulated from the floor upwards (LS, ~200 km3) and is ~3000 m thick (Nielsen, 2004; Fig. 5.1). 
The last unit to crystallise was the Sandwich Horizon, located between the UBS and the LS, 700 m 
below the intrusion roof (Wager and Deer, 1939). At the interface between the solidified cumulate pile 
and the bulk magma, a slurry of crystals and liquid comprised a porous layer, referred to herein as mush. 
The stratigraphic thicknesses used here are taken from Nielsen (2004) and Morse (2008b), Table 5.1.  
Subdivisions in the intrusion are defined by cumulus mineral assemblages. The further from the margins 
of the intrusion, the greater the evolution in mineral composition; olivine evolves from Fo70 to Fo1, and 
plagioclase from An70 to An25 (e.g. Maaløes, 1976; McBirney, 1996; Namur et al., 2014; Tegner and 
Cawthorn, 2010; Wager and Brown, 1968).  
The deepest gabbros in the LS are not exposed and are referred to as the Hidden Zone (HZ). The exposed 
rocks of the LS are divided into: Lower Zone (LZ), Middle Zone (MZ), and Upper Zone (UZ), defined 
by the presence, disappearance and reappearance, respectively, of cumulus olivine. The LZ and UZ are 
subdivided into three further subzones on the basis of their cumulus mineral assemblages (Wager and 
Deer, 1939): LZa comprises cumulus olivine and plagioclase with poikilitic clinopyroxene and 
interstitial ilmenite and titanomagnetite; LZb comprises cumulus olivine, plagioclase, and 
clinopyroxene, with interstitial oxide; and LZc is defined by the appearance of cumulus titanomagnetite 
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and ilmenite (Holness et al., 2007), alongside cumulus olivine, plagioclase, and clinopyroxene. In the 
UZ, UZa comprises cumulus plagioclase, clinopyroxene and marks the reappearance of cumulus 
olivine; UZb has cumulus apatite as well as the cumulus phases of UZa; and UZc has the same cumulus 
phases as UZb, but clinopyroxene becomes ferro-bustamite (an Fe-rich pyroxenoid), which 
subsequently inverted to ferro-hedenbergite (Lindsley et al., 1969). From a textural perspective, the 
deepest gabbros in the LS are coarse-grained orthocumulates, but the proportion of interstitial material 
decreases with increasing stratigraphic height, leading to adcumulates higher in the sequence (Wager 
and Deer, 1939).  
Table 5.1 Skaergaard subzone thicknesses after Nielsen (2004) and Morse (2008b) 
Zone Volume (km3) Thickness to 2350 m Cumulative metres 
UZc 4.7 81 2550 
UZb 16.8 289 2469 
UZa 20.8 358 2180 
MZ 28.3 487 1822 
LZc 15.5 267 1334 
LZb 50.4 868 1068 
LZa + HZ 74.7 LZa = 200; HZ = 500 200 
    
MBS 49.5   
UBS 41.5   
 
The MBS is divided into the ‘Tranquil Division’ and the ‘Banded Division’ based on outcrop-scale 
features (Wager and Brown, 1968). The ‘Tranquil Division’ was argued to be analogous to the HZ and 
lies closest to the contact with the country rock. It hosts two distinctive rock types: the Wavy Pyroxene 
Rock (Humphreys and Holness, 2010) and the Perpendicular Feldspar Rock (Wager and Deer, 1939). 
The Wavy Pyroxene Rock is characterised by mafic clots, and mafic-bottomed–felsic-topped clots of 
0.2–0.4 m diameter, heterogeneously distributed through the gabbro. The Perpendicular Feldspar Rock 
is characterised by elongated parallel plagioclase grains, oriented perpendicular to the intrusion contact 
(Hoover, 1989). The ‘Banded Division’ is subdivided into units corresponding to the LS in mineralogy 
and composition: LZa*, LZb*, LZc*, MZ*, UZa* and UZb*. UZc* is generally absent from the MBS. 
The ‘Banded Division’ hosts distinctive vertical centimetre-thick colloform bands dominated by fine-
grained mafic minerals: these bands are thought to have formed during reactive porous flow as the bulk 
liquid was sucked into the contracting wall mush during solidification (Namur et al., 2013). 
The UBS is divided into LZ’, MZ’ and UZ’ following the liquidus mineral assemblages of the LZ, MZ 
and UZ respectively (Salmonsen and Tegner, 2013). The first appearance of each cumulus mineral in 
the UBS occurs at plagioclase anorthite contents comparable to those in the LS. 
Following previously used nomenclature, all Skaergaard cumulates are referred to as gabbros despite 
plagioclase having <An50 in rocks more evolved than MZ (e.g. Hoover, 1989; Salmonsen and Tegner, 
2013; Wager and Brown, 1968), making these rocks, strictly, ferrodiorites. 
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5.1.4 Cumulus minerals 
The primocryst compositions systematically evolve up-stratigraphy in the LS. Plagioclase core 
compositions vary from ~An70 in the HZ to An25 at the Sandwich Horizon (Maaløes, 1976; McBirney, 
1996; Namur et al., 2014; Tegner and Cawthorn, 2010; Wager and Brown, 1968). Olivine core 
compositions evolve from Fo68 at the base of the intrusion to almost pure fayalite (Fo2) in the Sandwich 
Horizon (Wager and Brown, 1968). While absent from the MZ, olivine is hypothesised to have been 
close to the liquidus (McBirney, 1996). Inverted pigeonite (Ca-poor) and clinopyroxene (Ca-rich) vary 
from  Mg#  52.7 to Mg# 68.8 respectively (where Mg# = Mg/(Mg + Fetotal)), evolving to almost end-
member hedenbergite (an Fe-rich pyroxene end-member) close to the Sandwich Horizon (McBirney, 
1996). 
5.1.5 Mineralisation 
In the Skaergaard Intrusion, a potentially economic stratigraphic zone is the Triple Group in the MZ of 
the LS (e.g. Andersen et al., 1998; Bird et al., 1991; Nielsen and Brooks, 1995; Nielsen and Gannicot, 
1993; Nielsen et al., 2015). The Triple Group is rich in Au and platinum group elements (PGEs). It is 
composed of three macro-layers, concordant with layering, in the top 100 m of the MZ. The horizon 
contains >30 million ounces of PGEs, chiefly Pd, and >10 million ounces of Au (Nielsen et al., 2005). 
This horizon is significant for its precious element concentrations in economic quantities, but it is not 
the focus of this thesis. 
Prospective Fe-Ti-V economic mineralisation is located in two intervals in the Skaergaard Intrusion 
(Sørensen et al., 2016): one transcends the upper reaches of the LZ and the base of the MZ (Fe-Ti-V), 
and the other is associated with the PGE-Au reefs (Ti-V) near the top of the MZ. The former has modal 
layering defined by magnetite and ilmenite. Five 0.5–2 m thick, laterally continuous oxide-rich intervals 
form a 50 m thick sequence within the upper part of the LZc gabbro. These intervals are numbered 1 to 
5 up stratigraphy (Andersen and Weatherley 2017 pers. comm.). These layers are semi-continuous along 
strike from the centre of the intrusion to the margin; however, they vary from wispy and laterally 
discontinuous layers close to the margin, to strongly defined and laterally continuous layers further 
inwards. Currently, there are no estimates for the extent or tonnage of each interval. The intervals 
concentrate significant volumes of Fe-rich minerals; this has implications for the liquid line of descent 
of the bulk magma, and potentially for our understanding of the accumulation of Fe-rich liquids. The 
Fe-Ti-V mineralisation located in LZc is discussed in this thesis. 
5.1.6 The liquid line of descent  
The Skaergaard cumulates represent the solidified products of continuous fractional crystallisation, so 
the intrusion is typically considered as a closed system (e.g. Wager and Deer, 1939; Wager and Brown, 
1968). Fluctuations in primocryst mineral chemistry, along with the textural maturity of the cumulus 
105 
 
microstructure, in the HZ suggest that the intrusion was inflated to its final size very early in its 
formation by several pulses of magma saturated in plagioclase and olivine (Holness et al., 2007). Namur 
and Humphreys (2018) suggest that fractional crystallisation dominated until UZa, after which they 
suggest fractional crystallisation became less effective.  
The liquid line of descent for basaltic magmas has long been debated, with discussion centred around 
the classical works of Bowen (1928) and Fenner (1929). Bowen argued that basaltic magma 
composition evolves towards silica enrichment, while Fenner argued for iron enrichment with a constant 
or small silica depletion. There is disagreement surrounding the trend of the Skaergaard liquid line of 
descent. Modelling and the compositional evolution of the LS cumulates supports the Fenner trend (e.g. 
Brooks and Nielsen, 1978; Jang et al., 2001; McBirney and Naslund, 1990; Morse, 1990; Tegner, 1997; 
Thy et al., 2008; Veksler, 2009; Wager and Brown, 1968), while mass-balance considerations and 
experimental petrology of the intrusion supports the Bowen trend (e.g. Ariskin, 2003; Hunter and 
Sparks, 1987; Hunter and Sparks, 1990; Toplis and Carroll, 1996). Advocates of the Bowen trend 
suggest that the absence of evolved silica-rich rocks indicates erosion of the intrusion or eruption 
(Hunter and Sparks, 1987). A reconstruction by mass balance produced a liquid line of descent 
intermediate to the Bowen and Fenner trends (Nielsen, 2004). However, Veksler and colleagues argue 
that the differing liquid evolution trends could be explained by silicate liquid immiscibility (e.g. 
Veksler, 2009; Veksler et al., 2007; Veksler et al., 2008a).  
5.1.6.1 Oxygen fugacity 
The Skaergaard Intrusion crystallised as a closed system with a constant oxygen content and 
variable fO2, controlled by crystallisation (e.g. Osborn, 1959). During the formation of LZa and LZb 
gabbros, fO2 is estimated to have been near the fayalite-magnetite-quartz (FMQ) oxygen buffer 
(Buddington and Lindsley, 1964; Kersting et al., 1989). Calculated and experimental fO2 trends for the 
Skaergaard Intrusion show a change to more reducing conditions in the upper part of the MZ, dropping 
to −2 ΔFMQ in UZc (Frost et al., 1988; Lindsley and Frost, 1992; McBirney and Naslund, 1990; Morse 
et al., 1980; Williams, 1971). Fractionation of large amounts of magnetite (the main phase that contains 
high contents of ferric iron) is a requirement for fO2 to become more reducing in the UZ (Juster et al., 
1989; Presnall, 1966; Roeder and Osborn, 1966; Snyder et al., 1993; Toplis and Carroll, 1996). 
Similarly, Jang et al. (2001) suggest that the onset of magnetite fractionation would have removed Fe2O3 
from the magma or the fO2 trend above MZ may reflect a new fO2 buffer in the system. The model of 
Thy et al. (2008) established that the calculated and experimental fO2 trends could only occur after 
significant magnetite fractionation, larger than the content of magnetite in the LS gabbros. They suggest 
that, in a closed system, UZ formation would not have led to a strong reduction in fO2.  
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5.1.7 The onset of silicate liquid immiscibility in the Skaergaard Intrusion 
That the bulk magma in the Skaergaard Intrusion split into two immiscible conjugates was first 
hypothesised by Holgate (1954). He based his argument on a comparison between the calculated liquid 
lines of descent of Skaergaard and the experimental studies of Greig (1927); he argued that the 
Skaergaard liquid line of descent entered the liquid immiscibility field. However, due to the absence of 
direct evidence for magnetite-apatite saturated liquids in the intrusion, others concluded that the liquid 
line of descent did not encounter the silicate liquid immiscibility binodal (Bowen, 1928; Hunter and 
Sparks, 1987; Philpotts, 1967).  
McBirney (1975) pursued the idea of silicate liquid immiscibility in Skaergaard, collating evidence of: 
1) the presence of unmixed liquids in experimentally melted samples of UZ cumulates; 2) abundant 
granophyres in the roof zone, which McBirney and Nakamura (1974) suggested were the immiscible 
counterparts of UZc cumulates; and 3) the presence of metre-scale segregations of ferrogabbros in the 
‘average gabbro’ of the LS. Hanghøj et al. (1995) also suggested the presence of an Fe-rich immiscible 
liquid in the intrusion. They studied crystallised melt inclusions in plagioclase and, alongside mass 
balance calculations, inferred the MZ silica composition was equivalent to, or possibly even lower than, 
the initial Skaergaard melt silica composition, and relatively enriched in iron.  
The first direct evidence of unmixed liquids in the bulk magma of Skaergaard was provided by the 
identification of two populations of primary melt inclusions in apatite from UZb ferrogabbros, one light 
in colour with ~65.6 wt.% SiO2 and the other dark with ~40.7 wt.% SiO2 (Jakobsen et al., 2005). 
Subsequent experimental evidence suggested that unmixing of the bulk magma occurred earlier in the 
intrusion’s crystallisation, in LZc (Veksler et al., 2007; Veksler et al., 2008a). However, this hypothesis 
is not supported by field evidence (McBirney, 2008; Morse, 2008a; Philpotts, 2008). In addition, the 
experiments were criticised for not taking into account applicable petrological phase equilibria (Morse, 
2008a; Philpotts, 2008). More recently, it has been suggested that liquid unmixing occurred at a bulk 
magma composition equivalent to near the base of UZb, when there was less than 10% of melt 
remaining (Nielsen et al., in review); this is consistent with the conclusions from the mineralisation 
model of Nielsen et al. (2015). However, modelling by Thy et al. (2008) suggests that liquid 
immiscibility is not a requirement for strong iron enrichment occurring concurrently with limited silica 
enrichment in the intrusion. 
Evidence of immiscibility in the interstitial liquid of the crystal mush is provided by: replacive 
symplectites grown during reaction between an Fe-rich liquid and adjacent primocrysts, driven by the 
differential loss of the buoyant Si-rich conjugate (Holness et al., 2011); differences in TiO2 content of 
plagioclase adjacent to pockets of crystallised late-stage liquids (Humphreys, 2011); and the presence 
of Fe-rich melt inclusions in LZc, MZ and UZ (Jakobsen et al., 2011).  
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Throughout this discussion of liquid unmixing, it is important to remember that it is only possible to 
directly study what these liquids have left for us to observe, i.e. what they crystallised: “it is like the red 
wine stain on the carpet in the living room. The red wine was there - now we only see the stain” (Nielsen 
2019 pers. comm.). Consequently, there remains no consensus on when the onset of silicate liquid 
immiscibility in the bulk magma occurred, despite its importance in changing the physical properties 
and the chemical evolution of the bulk magma. In particular, the efficiency of unmixing and separation 
of the two liquids in the crystal mush has implications for ore deposit formation from the Fe-rich liquid 
e.g. Nielsen et al. (in review); Nielsen et al. (2015).  
5.1.8 Macro-scale layering structures 
The floor cumulates of the Skaergaard Intrusion are typically layered: this layering is principally defined 
by changes in colour (and hence modal mineralogy), but can also be defined by differences in grain 
size. The layering is generally concordant, planar, and parallel with the intrusion floor, with 
sedimentary-like features on a variety of scales and localised complex geometry (Irvine et al., 1998; 
McBirney and Noyes, 1979). Different types of layering formed by a range of dynamic and non-
dynamic processes (Irvine et al., 1998). The former resulted from grain movement in a non-static 
magma, while the latter resulted from processes occurring within the crystal mush, such as reactive 
porous flow (Namur et al., 2013) or self-organisation of mobile interstitial liquid that enhances existing 
layering (Namur et al., 2015a; Vukmanovic et al., 2018). 
Examples of dynamic layer-forming processes in the Skaergaard Intrusion include: progressive 
fractionation that results in cryptic layering, as defined by changes in mineral compositions (McBirney 
and Noyes, 1979; Wager and Brown, 1968); 
crystal settling resulting in density sorting and 
the formation of modally-graded layers 
(McBirney and Noyes, 1979; Wager and 
Brown, 1968); hydrodynamic sorting during 
deposition from localised crystal-rich currents 
derived from the intrusion wall, resulting in 
the formation of modally-graded trough 
layering (Fig. 5.2; Irvine and Stoeser, 1978; 
Irvine et al., 1998; Vukmanovic et al., 2018; 
Wager and Brown, 1968); and intermittent 
convection that results in cyclic modal 
layering (Naslund et al., 1991). These dynamic layer-forming processes operate on the metre to tens-
of-metres scale. On the intrusion-wide scale, dynamic large-scale slumping from the intrusion sidewalls 
 
Figure 5.2 Trough layering in UZa: Trough H showing 
stacked, crescentic, modally graded layers surrounded by 
average gabbro. Looking east. 
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contributed to the development of the floor mush that formed the LS (e.g. Baker and McBirney, 1985; 
Holness et al., 2017c). 
An ongoing debate surrounding layered intrusions is whether layering is unmodified from primary 
deposition, or modified post-accumulation, and to what degree the information extracted from layering 
can be used to infer the primary magmatic and accumulation processes (Namur et al., 2015a; O'Driscoll 
and VanTongeren, 2017). A suggested example of non-dynamic processes forming layering is 
dissolution-precipitation, whereby material at high stress crystal contacts is dissolved and re-
precipitated in low stress areas (Boudreau and McBirney, 1997). This process, essentially that proposed 
for layer formation in high-grade gneisses, has been suggested to have resulted in the wholesale 
modification of primary igneous microstructures, modal mineral proportions and mineral compositions 
(e.g. Boudreau and McBirney, 1997; McBirney, 1996; McBirney, 2009; McBirney and Hunter, 1995; 
McBirney and Noyes, 1979). The validity of this idea has been challenged by detailed microstructural 
work on the modal layering, demonstrating its primary igneous origin (e.g Holness et al., 2009).  
5.1.9 Gravitational collapse of unstable crystal mush 
Mechanical instabilities are known to occur along solidification fronts within magma chambers (e.g. 
Marsh, 1996; Marsh, 2006; Žák and Paterson, 2010). These boundary layer instabilities can take 
different forms depending on the rheology and density of the mush and bulk magma (e.g. Bergantz, 
2000; Jaupart and Tait, 1995). For example, along the horizontal roof of a chamber, magma convection 
can produce chemical and physical instabilities that cause crystal-rich batches to descend, or ‘drip’ from 
the roof (e.g. Bergantz and Ni, 1999), while at a sloping margin, convection can generate a sidewall 
current (Jaupart and Tait, 1995; Paterson et al., 2016; Paterson et al., 2019). Marsh (1996; 2006; 2015) 
examined the growth of solidification fronts in chambers where the cooling rate is faster at the roof than 
at deeper levels along walls. He suggested that these fronts may detach from the roof, generating a 
crystal-rich magma avalanche. Overall, slumping of mushes in magma bodies (chambers, plutons, 
intrusions) can occur by any process creating instability, including: tectonic, fluid-assisted, stoping, or 
gravity-driven processes. 
It has been suggested that the trough layering in the Skaergaard Intrusion is of a magmatic-sedimentary 
origin, formed by crystal-rich magmatic currents which descended from the nearby walls of the 
intrusion and which flowed across the chamber floor, depositing cumulus grains with a lineated fabric 
(Irvine, 1983; Irvine and Stoeser, 1978; Vukmanovic et al., 2018; Wager and Deer, 1939; Wager and 
Brown, 1968). 
In the MBS there are lens-shaped coarse-grained gabbroic segregations on the centimetre- to metre-
scale (Humphreys and Holness, 2010), distributed across the average gabbro of the wall cumulates. 
Humphreys and Holness (2010) proposed that these distinctive segregations were formed by the 
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slumping of the vertical mush as a result of gravitational collapse or syn-magmatic faulting. The 
slumping caused tears in the mush as they formed on a faster timescale than the interstitial liquid could 
flow into them. The tears formed lower pressure zones, which sucked in the interstitial liquid. This is 
analogous to the ‘hot tearing’ of metal alloys at low porosities (φ = < 0.25), which is known to initiate 
in the interstitial liquid of metal alloys (Eskin and Katgerman, 2004). The mineral chemistry and texture 
of these lens-shaped segregations in the MBS of Skaergaard suggest that the tearing of the mush 
occurred relatively early in the crystallisation history of the intrusion (Humphreys and Holness, 2010). 
While there is no field evidence in the LS of crystal-rich batches descending from the roof of the 
Skaergaard Intrusion, the LS does host large fallen blocks (or autoliths) with compositions ranging from 
troctolite, to gabbroic anorthosite to oxide-rich gabbro (Irvine et al., 1998). The autoliths range in size 
from metre-scale to tens of metres in diameter. In the LS, although the fallen blocks are not sensu stricto 
magma slumping, in of themselves, they caused localised distortion and slumping of the LS cumulates 
(Irvine et al., 1998).  
5.1.10  Mush thickness  
The physical relationship between the fallen blocks documented across the intrusion and the cumulate 
layering provides key evidence of an interface layer (i.e. a mush layer) between the top of the cumulate 
pile and the bulk magma in the intrusion (Irvine et al., 1998). The mush porosity is likely to have been 
in the range φ = 0.4–0.6, as controlled by the packing efficiency of the cumulus primocrysts. A crystal 
mush has the potential to behave like a hydrogranular medium (see section 5.1.11). The base of the 
mushy layer has been defined in various ways, generally based on mush permeability (Boudreau and 
Meurer, 1999) or rheology (Brown et al., 1987). 
A range of mush thicknesses have been suggested for the Skaergaard Intrusion during solidification. 
Nielsen et al. (2005) postulated that the mush thickness at the Triple Group horizon (in the MZ) was 60 
m at most. Tegner et al. (2009) proposed a mush thickness of tens of metres for the LS using 
comparisons between the calculated trapped liquid fraction and rock density. McKenzie (2011) 
developed a simplified compaction model, using P2O5 whole rock data from the LS, to calculate a mush 
thickness of 300 m. Holness et al. (2017c) used the stratigraphic distance between the arrival of a new 
cumulus phase and the associated textural maturity of the microstructure, as measured by a step-change 
in dihedral angle, to argue that the mushy zone in the LZ was ~100 m thick (Holness et al., 2017c). This 
thinned to only a few metres by the base of UZa (Holness et al., 2017c). Given the horizon-specific 
mush thickness measurements, references herein to mush thickness will be based on Holness et al. 
(2017c). 
With increasing stratigraphic height in the intrusion there is a decrease in the proportion of interstitial 
material, which has been attributed to an increasing efficiency of compaction (Tegner et al., 2009). 
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However, the thickness of the mush does not correlate with the efficiency of liquid expulsion from the 
cumulate (Holness et al., 2017c), and there is no correlation between the intensity of syn-magmatic 
deformation and the amount of retained interstitial liquid (Holness et al., 2017c). Thus, compaction is 
unlikely to have been a significant factor in creating adcumulates in the Skaergaard Intrusion. 
Alternative methods for adcumulate formation include compositional convection within the mush (Tait 
and Jaupart, 1992; Toplis et al., 2008) and diffusion of unwanted elements (i.e. elements incompatible 
in crystallising material) out of the trapped residual liquid in a thin mush (Wager and Deer, 1939).  
5.1.11  The mush as a hydrogranular medium 
The prior work and discussions surrounding the Skaergaard Intrusion inadvertently illustrate the 
important point that the cumulus model for layered intrusions is an oversimplified end-member; the 
reality of the processes lies somewhere between the classical model of cumulus assemblage and in situ 
crystallisation, dependent on a variety of dynamic factors such as rheology and density relationships. 
Recent work describing mush as a hydrogranular media helps elucidate its behaviour. 
A liquid-rich crystal mush is an example of a hydrogranular medium whereby grains are loosely 
connected with only a few contact points, and the dynamics are controlled both by fluid and grain-grain 
interactions (Bergantz et al., 2017). An example of grains linked together in a continuous three-
dimensional network of chains is highlighted in a basaltic lava flow; Philpotts and Dickson (2000) show 
that feldspars form chains in the upper solidification front and were transported down through the lava 
flow in plumes of dense crystal mush. 
Discrete-element numerical modelling using crystal force chains reveals the time-transgressive 
rheological behaviour of hydrogranular media (Bergantz et al., 2017; Schleicher and Bergantz, 2017). 
Crystal force chains are ephemeral, typically comprising about ten grains before bifurcating; therefore, 
a crystal mush can behave simultaneously in a viscous, plastic, and brittle manner at low interstitial 
liquid fractions (Bergantz et al., 2017; Holness et al., 2017c). This means that when a hydrogranular 
medium is rapidly loaded (e.g. by rapid accumulation of overlying crystals), it causes hardening of the 
surrounding crystal mush, to the degree that the mush locally behaves like a solid. The everyday analogy 
to this is that you can run across corn starch, whereas if you walked slowly you would sink (e.g. 
McKnight, 2016). The transient nature of hydrogranular media inherently removes evidence of all, or 
some, of the mush behaviour from the solidified cumulates, and as such it is often difficult to identify 
examples in the field of fully solidified rocks that originally behaved as hydrogranular media (Paterson 
et al., 2019).  
5.1.12  Late-stage liquid segregations  
The distribution of late-stage liquid segregations in fully solidified cumulates can help provide an 
understanding of the rheology of crystal mush during solidification. This is because the physical 
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properties of the mush affect the mechanisms of liquid segregation, liquid accumulation and the 
response of the crystal mush to stress. While a variety of meso-scale structures in granitoids have been 
holistically studied to unravel their hypersolidus histories (Paterson et al., 2019), and thus differentiate 
between magmatic and solid-state structures, the same has not been done for basaltic bodies. Such an 
understanding of mush rheology from late-stage segregations hinges on the late-stage segregations 
preserving the primary igneous fabric and assemblage; whereas some authors have postulated 
replacement, metasomatism and water ingress models for the formation of these various structures (e.g. 
Larsen et al., 1992; McBirney and Sonnenthal, 1990). Conflicting ideas about the genesis of late-stage 
segregations are discussed in turn for each structure. 
The Skaergaard Intrusion preserves a variety of structures on a range of scales, attributed in some form 
to late-stage liquid movement. These include gabbroic pegmatites, bodies of melanogranophyres, 
granophyric segregations, clot-like granophyres, replacement anorthosites, dendritic anorthosites, and 
Wavy Pyroxene rock (e.g. Humphreys and Holness, 2010; Kays et al., 1981; Larsen and Brooks, 1994; 
McBirney and Sonnenthal, 1990; Sonnenthal, 1992; Wager and Deer, 1939; Wager and Brown, 1968). 
Here, I present a review of the literature on the late-stage liquid segregations, distinguishing between 
structures on the basis of the extent of liquid evolution.  
5.1.12.1 Evolved late-stage segregations 
The Skaergaard Intrusion is cut by a number of felsic bodies with a range of highly evolved 
compositions: i) acid granophyre (the Tinden Sill); ii) transitional granophyre (Sydtoppen); iii) 
transgressive granophyres; iv) clot-like granophyres; v) melanogranophyres; vi) segregation 
granophyres; and vii) anorthosites. The first three (i – iii) were identified by Wager and Brown (1968) 
and are associated with felsic material derived from the Precambrian country rocks; therefore, they will 
not be discussed further. The others rock types are each discussed in turn.  
Clot-like granophyres (iv) occur exclusively in the MBS, and their origin has been much debated. Wager 
and Deer (1939) described them as xenoliths of felsic gneiss, ranging from centimetres in diameter to 
tens of centimetres. Thirty years later, Wager and Brown (1968) suggested they were products of 
fractional crystallisation. The subsequent textural, major element and trace element study by Kays et 
al. (1981) concluded that they were assimilated portions of gneissic country rock. However, Stewart 
and DePaolo (1990) reported no strong isotopic compositional similarities between the clot-like 
granophyres and the gneissic country rock. This issue remains unresolved.  
Melanogranophyres (v) are characterised by abundant granophyre hosting elongate skeletal grains of 
Fe-rich clinopyroxene (Naslund, 1984). The melanogranophyres are in UZc of the LS and UZ’ of the 
UBS, with the volume of melanogranophyre increasing towards the Sandwich Horizon (Wager and 
Brown, 1968). The morphology of the melanogranophyres range from discrete pods to lenses to sills, 
112 
 
1–2 m diameter (Wager and Brown, 1968). Tegner (1997) estimated the ratios of liquid that formed the 
LS:UBS:melanogranophyre as 74:24:2, 69:23:8, and 64:21:15 for UZa, UZb, and UZc, respectively. 
The melanogranophyre liquid is suggested to have separated from the bulk magma as an immiscible 
liquid during late-stage crystallisation (McBirney, 1975; McBirney and Nakamura, 1974).  
Segregation granophyres (vi) are interstitial pockets of a fine-grained intergrowth between quartz and 
alkali feldspar, often at a eutectic point where the composition approximates to the orthoclase-albite-
quartz ternary minimum (Bowen, 1928). They are interpreted as crystallised pockets (on the micron to 
millimetre scale) of interstitial liquid in the interstices created by the cumulate framework, which 
originated from liquids unmixing in the bulk magma (Holness et al., 2011; Larsen and Tegner, 2006), 
i.e. they represent the Si-rich end-member of an immiscible liquid conjugate. The segregation 
granophyres are associated with ilmenite intergrowths in the LZ and MZ (Holness et al., 2011); the 
titanomagnetite–ilmenite intergrowths represent the Fe-rich end-member of immiscible liquid 
conjugates.  Granophyre segregations are associated with plagioclase-rich cumulate regions whereas 
the titanomagnetite–ilmenite intergrowth pockets are associated with olivine- and clinopyroxene-rich 
cumulate regions (Holness et al., 2011). Combined, the granophyre-rich and mafic-rich pockets 
represent up to 4·4 % (by area) of the LS (Stripp, 2009).  
Late-stage anorthosites (vii) are discussed in the literature as a) dendritic anorthosites (McBirney and 
Sonnenthal, 1990; Sonnenthal, 1992) and b) ‘replacement anorthosites’ (Larsen et al., 1992; McBirney 
and Sonnenthal, 1990). The ‘replacement anorthosites’ are metre-scale structures comprised of almost 
monomineralic anorthosites, sometimes associated with mafic segregations. They form pods and lenses 
in the trough layering of UZa. The dendritic anorthosites occur on the surface of the magmatic layering 
plane and are composed of almost monomineralic anorthosites (Sonnenthal, 1992). Both types of late-
stage anorthosite are suggested to be examples of local scale metasomatism caused by an aqueous fluid 
with a high HCl/HF fugacity ratio that reacted with the primary cumulus assemblage (McBirney, 1996; 
McBirney and Hunter, 1995; McBirney and Naslund, 1990; McBirney and Sonnenthal, 1990; 
Sonnenthal, 1992). Sonnenthal (1992) concluded that deformation of the crystal mush was important in 
the formation of the dendritic anorthosites. It has also been proposed that the ‘replacement anorthosite’ 
lenses crystallised from the felsic conjugate of an unmixed silicate liquid (Larsen and Brooks, 1994). 
5.1.12.2 Less-evolved late-stage segregations 
The less-evolved late-stage segregations in the Skaergaard cumulates comprise: i) gabbroic pegmatites; 
ii) mafic segregations; iii) Wavy Pyroxene rock; and iv) replacement pyroxenites. Gabbroic pegmatites 
have been described as coarse-grained micro-magma chambers, which crystallised from the margins 
inwards (Larsen and Brooks, 1994), and have been documented by numerous authors in LZ, MZ, and 
UZa (e.g. Larsen and Brooks, 1994; McBirney and Noyes, 1979; McBirney and Sonnenthal, 1990; 
Wager and Deer, 1939; Wager and Brown, 1968). The gabbroic pegmatites range from tens of 
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centimetres to metres in diameter, and generally form podiform pipes/chimneys in LZ with the major 
axis perpendicular to magmatic layering. Conversely in UZa, they form sills with the major axis 
parallel to magmatic layering (Larsen and Brooks, 1994; McBirney and Sonnenthal, 1990). Larsen and 
Brooks (1994) described three structural elements to the gabbroic pegmatites: a granophyric zone 
(found at the stratigraphically highest point in the podiform pegmatite), a gabbroic zone and the margin 
of the gabbroic zone. The gabbroic pegmatite morphology is more spherical in the MBS compared to 
the LS, and is on the metre-scale: the colloform banding wraps around the gabbroic pegmatites (Namur 
et al., 2013). Late-stage methane-rich and saline aqueous solutions are hypothesised to have been 
involved in the formation of the gabbroic pegmatites, from H2O-NaCl-CH4 fluid inclusions analysed in 
quartz, apatite and feldspar from gabbroic pegmatites in the upper part of MZ and UZ (Larsen et al., 
1992).  
Mafic segregations (ii) are found throughout the LS and MBS, and are typically paired with a felsic 
segregation (described as a ‘replacement anorthosite’). The mafic segregations are on the tens of 
centimetre-scale and contain variable proportions of olivine, pyroxene, and magnetite. Like their felsic 
counterparts, the mafic segregations are suggested to result from localised metasomatism (McBirney, 
1996; McBirney and Hunter, 1995; McBirney and Naslund, 1990; McBirney and Sonnenthal, 1990; 
Sonnenthal, 1992). It has been proposed that the mafic (ii) and felsic (anorthosite) segregations were 
two unmixed silicate liquids (Larsen and Brooks, 1994). McBirney and Sonnenthal (1990) did not 
identify an association between the gabbroic pegmatites and the mafic segregation, nor the felsic 
segregation. 
There are many mineralogical similarities between the Wavy Pyroxene rock ((iii) see section 5.1.3), 
and the gabbroic pegmatites of the LS and MBS (Humphreys and Holness, 2010). Wager and Brown 
(1968) hypothesised that the Wavy Pyroxene rock melt-rich segregations were a nucleation effect 
parallel to the intrusion’s thermal gradient. However, Humphreys and Holness (2010) argued that they 
formed by the tearing of poorly consolidated MBS crystal mush and were infilled with locally-derived 
interstitial liquid (see section 5.1.9). 
‘Replacement pyroxenites’ (iv) are pyroxene-rich segregations of olivine and Ca-rich pyroxene with 
amoeboidal morphologies. Occurring on the metre to tens of metres-scale, they were named and 
documented by McBirney and Sonnenthal (1990) in the MBS, on Kraemer Island and Ivnarmiut Island 
and their formation has been compared to the processes forming skarns (McBirney and Sonnenthal, 
1990). The ‘replacement pyroxenites’ boundaries cross-cut the model magmatic layering (McBirney 
and Sonnenthal, 1990). 
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5.1.12.3 Examples of late-stage liquid segregations in other layered intrusions 
In the large, mafic-ultramafic layered intrusion of the Bushveld Complex in South Africa, discordant 
Fe-rich pegmatoidal pipes are suggested to form from the downwards drainage of dense, immiscible 
Fe-rich silicate magma through the cumulus sequence (Scoon and Mitchell, 1994). Many of these 
discordant, pipe- or tube-like bodies, particularly the large ones, are structurally controlled and occur 
in areas where the gabbroic cumulates have been disturbed (Viljoen and Scoon, 1985). Field relations 
suggest emplacement occurred while the layered cumulates were hot and incapable of brittle failure 
(Cawthorn et al., 2000). Two subgroups of mafic pegmatoidal pipes are distinguishable: an olivine-
clinopyroxene pegmatite and an Fe-Ti oxide pegmatite (Scoon and Mitchell, 1994; Viljoen and Scoon, 
1985). Zoned pegmatitic bodies, with a core of Fe-Ti oxide pegmatite, are stratigraphically transitional 
phase between the two subgroups (Scoon and Mitchell, 1994). With increased stratigraphic height in 
the Complex, the pegmatites become richer in Fe-Ti oxides (Viljoen and Scoon, 1985). The whole rock 
composition of the Fe-Ti oxide pegmatites is comparable to that of an Fe-rich immiscible liquid (Reid 
and Basson, 2002; Scoon and Mitchell, 1994), with a typical mineral assemblage of ferro-augite, 
olivine, magnetite, ilmenite, alongside local abundances of sulfides, Fe-amphibole and apatite 
(Cawthorn et al., 2000; Reid and Basson, 2002; Scoon and Mitchell, 1994; Viljoen and Scoon, 
1985). For a given stratigraphic height in the Complex, the pegmatites are always more compositionally 
evolved, as measured in the major and trace element mineral chemistry. This is also seen in the Sr and 
Nd isotope data, the Mg# of the ferromagnesium silicates and the presence of magnetite on the liquidus 
(Reid and Basson, 2002). The pegmatitic bodies formed by magmatic replacement of the host cumulates 
by Fe-rich liquids draining down through the cumulates and accumulating (e.g. Bateman, 1951; Scoon 
and Mitchell, 1994). The Fe-rich liquids derived from within the crystallising cumulate pile (Viljoen 
and Scoon, 1985). Cawthorn et al. (2000) suggest that the dissolution of the host gabbro, rather than 
pure mechanical dilation, created the space for the emplacement of the bodies. The pegmatitic bodies 
may have resulted from the metasomatic replacement of pre-existing cumulates or they may have 
crystallised directly from the pegmatitic fluids derived from within the crystallising cumulate pile 
(Scoon and Mitchell, 1994). It is hypothesised that the Si-rich conjugate was reincorporated into the 
bulk magma, and so there is an absence of feldspar in the Fe-rich pegmatitic bodies (Scoon and Mitchell, 
1994). Post-solidification, the bodies may have acted as vertical channels for low-temperature 
hydrothermal fluids to migrate through the intrusion (Cawthorn et al., 2000).  
Other examples of late-stage segregations in layered intrusions include the dunitic and pyroxenitic 
bodies, which cross-cut the layered Stillwater Complex in Montana, USA. These coarse-grained, metre-
scale bodies have been hypothesised to form from an aqueous rich fluid metasomatically altering 
harzburgites and pyroxenites to dunites, at temperatures near the solidus (Raedeke and McCallum, 
1984). In the Kiglapait Intrusion (north Labrador), anomalously Fe-rich cumulates in the layered 
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sequence of the cumulates are interpreted to result from ponding of Fe-rich magmas on the chamber 
floor (Morse, 1996).  
Comparisons have been made between the discordant, mafic, pegmatitic bodies of the Bushveld 
Complex, Stillwater, and Skaergaard Intrusions (McBirney and Sonnenthal, 1990; Raedeke and 
McCallum, 1984; Scoon and Mitchell, 1994). Scoon and Mitchell (1994) argue that these ultramafic 
rocks are all related to channelled infiltration, attributed to dense Fe-rich liquids, rather than more 
buoyant Si-rich liquids. 
5.1.13  Temperature of the Skaergaard magma during crystallisation 
The temperature of the magma determines the liquidus phases and the size of the silicate liquid 
immiscibility field (Charlier and Grove, 2012). Various methods have been used to constrain the 
temperature of crystallisation for the Skaergaard Intrusion. These include a consideration of the pressure 
of the ferrohedenbergite-ferrobustamite inversion (Lindsley et al., 1969); a model based on the solidus 
of adcumulates (Morse et al., 1980); a thermometer based on cumulus plagioclase composition (Kudo 
and Weill, 1970); the results of gabbro melting experiments at one-atmosphere pressure (McBirney and 
Naslund, 1990); and finally, the relationship between crystallisation temperature and plagioclase 
compositions described by the empirical linear relationship of T (°C) = 899 + 3.6 An; 1σ = 20 °C (Thy 
et al., 2009). The results of studies constraining magma temperatures down the liquid line of descent 
are summarised in Table 5.2.  
Published studies aimed at determining crystallisation temperatures for the late-stage Skaergaard liquids 
have used geothermometers such as the augite-ilmenite thermometer (Bishop, 1980), the two-feldspar 
thermometer (Price, 1985), and the plagioclase–hornblende thermometer (Larsen and Tegner, 2006). 
The temperatures calculated for the late-stage liquids by Larsen and Brooks (1994); and Larsen and 
Tegner (2006) are significantly lower (>100°C) than those of other studies (Table 5.2). It is difficult to 
constrain the temperature at which the replacive symplectites formed (Holness et al., 2011; Stripp, 
2009), but Holness et al. (2011) suggest that the microstructures grew while residual melt remained. 
The compositions of coexisting two-pyroxene and olivine–clinopyroxene vermicule pairs from 
symplectitic intergrowths suggest temperatures of 824°C and 873°C respectively at the Triple Group 
Level in the MZ (QUILF; Andersen et al. (1993)). This is lower than the UZc bulk magma temperature 
but higher than the granitic eutectic minimum (680-660°C; Larsen and Tegner (2006)). The 
temperatures in Table 5.2 are generally consistent with experimentally determined temperatures at 







Table 5.2 Published temperature (°C) estimates for the crystallisation of the Skaergaard Layered Series and the 
late-stage liquids. 























UZc 980-950  1007  1000   
UZb   1062 1059    
UZa   1089 1083 1063   MZ  1100 1105 1112 1014  
LZc   1124 1121   824 









LZa  1230 1161 1002 780 
HZ    1191 1160   
 
5.1.14  Post-magmatic evolution of the Skaergaard Intrusion 
During the last stages of solidification, a hydrothermal system formed in the cumulate rocks and 
surrounding host rocks; hydrothermal fluids continued to circulate for a minimum of 300,000 years 
(Norton and Taylor Jr, 1979). The hydrothermal circulation is postulated to have commenced between 
700°C and 800°C (Norton et al., 1984). The degree of alteration can be traced using oxygen isotopes 
(Norton and Taylor Jr, 1979; Taylor Jr and Forester, 1979), and is most intense around fractures and 
dykes (Bird et al., 1986; Taylor Jr and Forester, 1979). The alteration is most prominent in the south 
and east of the intrusion, where the cumulate rocks are in contact with the overlying, highly fractured 
basalt lavas that form the roof of the intrusion and the upper part of the eastern wall (Norton and Taylor 
Jr, 1979). The hydrothermal alteration led to a significant re-setting of oxygen and hydrogen isotope 
ratios in the uppermost parts of the intrusion (Taylor Jr and Forester, 1979). Hydrothermal alteration of 
the cumulate rocks in contact with the gneiss (i.e. around the western and northern edge of the intrusion) 
is more limited. The degree of oxygen isotope ratio variation is a function of the temperature of the 






5.2 Chapter structure: Late-stage segregation evolution in the Skaergaard 
Intrusion 
Previous studies of late-stage segregations in the Skaergaard Intrusion have been focused on particular 
localities in the intrusion, with minimal consideration of the role of silicate liquid immiscibility in 
controlling the migration rates and pathways of late-stage segregations in the crystal mush. Here, I 
present a synthesis of the behaviour of late-stage segregations in the Skaergaard mush, inferred from 
field observations, petrology, whole rock geochemistry and mineral chemistry. I documented a variety 
of late-stage structures in the LS and the MBS of the Skaergaard Intrusion between 07/08/2017 and 
07/09/2017; localities sampled are shown in Fig. 5.1 and detailed in Appendix Table 5.A. I establish 
field relationships between the different types of segregation and link their morphological and whole 
rock compositional variation to the physical properties of the crystal mush and the progressive 
compositional evolution of the bulk magma. I also examine changes in element concentrations in 
plagioclase grains from the late-stage segregations. 
There have been a number of different names given to the Skaergaard late-stage liquid structures (see 
section 5.1.12), yet little attempt has been made to develop a holistic approach to understanding them. 
The various rock names in the literature range from process-based to observation-based. I will use 
observation-based names in my fieldwork observations. The observations below detail how the 
morphology of the gabbroic pegmatites evolve up-stratigraphy as a function of mush thickness in the 
LS. I then detail the relationship between the gabbroic pegmatites and the paired mafic and felsic 
segregations, before describing how the modal mineralogy of the paired mafic and felsic segregations 
evolve up-stratigraphy, with each conjugate liquid tending towards silicate liquid immiscibility end-
members (Fe-rich and Si-rich end-member). New geochemical and petrological data for the late-stage 
segregations are correlated with the new field relationships to provide an integrated model for the 
formation of the late-stage segregations. 
5.3 Fieldwork observations 
5.3.1 Layered Series 
LZa hosts rare podiform pegmatites, whose major axis cuts the magmatic layering at a high angle 
(Larsen and Brooks, 1994). The LZa pegmatites reach up to 1.5 m in diameter with sharp boundaries. 
Near the coastline of Uttental Plateau (N 68°12.291’ W 31°43.369’), four distinct modal assemblages 
were observed in LZa pegmatites: (A) olivine pyroxenite comprising medium-grained olivine and 
pyroxene (0.3–0.8 cm) with interstitial oxide; (B) coarse-grained gabbro comprising pyroxene with 
plagioclase (1–2 cm); (C) coarse-grained rock comprising plagioclase (0.5–2 cm) and large euhedral 
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amphibole grains <8 cm long; (D) medium-grained plagioclase-rich rock containing pyroxene and oxide 
oikocrysts. The contacts separating each assemblage are sharp. Where visible, the olivine-pyroxenite 
preferentially occurs at the stratigraphic base of the pegmatite. LZa is the only location where all four 
components were found (Fig. 5.3). There is no distortion of the surrounding host gabbro fabric. 
The pegmatites of LZb are also podiform but 
are more common and larger than those in 
LZa, reaching 5 m by 2 m (e.g. N 68°12.133’ 
W 31°42.036’). The LZb pegmatites are 
dominated by a gabbroic assemblage of 
coarse-grained pyroxene, plagioclase and 
dendritic magnetite (B). Zones rich in coarse-
grained plagioclase (C) are often associated 
with interstitial quartz and miarolitic cavities, 
which preferentially occur at the stratigraphic 
top of the pegmatite. Despite the notable 
abundance of the podiform gabbroic 
pegmatites in LZb, they do not disrupt the host 
gabbro foliation. Tendrils of gabbroic 
pegmatite (0.2 m wide) branch out from some 
podiform pegmatites, running parallel with the 
magmatic layering (Fig. 5.4). The pegmatites 
also show evidence of upwards migration by a 
combination of brittle and ductile behaviour: a 
2.2 m by 0.6 m podiform pegmatite 
crystallised parallel to magmatic layering yet 
is associated with oval-shaped pods (~0.4 m 
diameter) cutting the modal layers up-dip by 3 
m vertical height (N 68°12.322’ W 31°41.988’; Fig. 5.5).  
The pegmatite mineral assemblage in LZc is comprised of pyroxene and oxides (associated with the 
pegmatite margins), together with plagioclase and quartz. The pegmatites in LZc are podiform with 
sharp boundaries against the host gabbro. An interesting exception is provided by a small vertical diapir-
shaped gabbroic pegmatite, about 0.1 by 0.3 m (Fig. 5.6) found at the LZb–LZc boundary on Kramer 
Island (N 68°11.538’ W 31°43.512’). Large plagioclase grains (1–2 cm long) cut the boundary between 
pegmatite and host gabbro; the alignment of the pegmatitic plagioclase is continuous with the host 
gabbro foliation. The modal mineralogy of the gabbroic pegmatite matches that of the LZc gabbro. 
 
Figure 5.3 Gabbroic pegmatites in LZa (a) metre-scale 
late-stage segregation with four discrete assemblages and 
sharp contacts with the surrounding gabbro. (b) Sub-
metre late-stage segregation, with two distinct 
compositions. Note the olivine pyroxenite is at the lowest 
stratigraphic level in both (a) and (b). Annotated letters 
correspond to: A = olivine pyroxenite comprising 
medium-grained olivine and pyroxene with interstitial 
oxide; B = coarse-grained gabbro comprising pyroxene 
with plagioclase; C = coarse-grained rock comprising 
plagioclase and large euhedral amphiboles; D = medium-




Wispy lenses of stratified mafic-rich and near 
monomineralic felsic-rich segregations are 
found stratigraphically above the gabbroic 
pegmatites in the LZ. In LZa, composite wispy 
lenses of mafic- and felsic-rich segregations 
occur <2 m above the gabbroic pegmatites, and 
often cut the magmatic layering. In LZb, the 
wispy lenses are locally found up to 5.5 m from 
the stratigraphic top of the gabbroic pegmatites 
(locality N 68°11.575’ W 31°43.520’; Fig. 
5.7). Similarly in LZb, a large anorthosite 
diapir (Figure 4b in Larsen and Brooks, 1994) 
lies 5 m above a 3 m by 4 m podiform gabbroic 
pegmatite body (Fig. 5.4). 
The wispy lenses range in size from 0.2–0.6 m 
along the major axis, with aspect ratios 
generally >1:6. The modal mineralogy of the 
stratified wispy lenses is suggestive of 
crystallisation from two liquids. The base of 
the stratified wispy lenses is always the mafic-
rich segregation: an olivine-pyroxenite with 
interstitial magnetite and plagioclase. The top 
is always the felsic-rich rock: an anorthosite 
with oikocrysts of pyroxene and oxide (Fig. 
5.8; N 68°12.245’ W 31°43.367’).  The 
plagioclase grains of the wispy lenses have a 
lower aspect ratio compared to the plagioclase 
of the host gabbro. The interstitial oxide 
content of the wispy lenses increases up stratigraphy, as does the size of the plagioclase laths (potentially 
reflecting the plagioclase size difference between the LZa and LZb gabbros). In LZc, the mineralogy 
of the wispy lenses notably tends towards more extreme end-members: the mafic-rich rock is oxide-
dominated, while the felsic-rich rock is an anorthosite with magnetite dendrites but no pyroxene 
oikocrysts.  
The majority of the wispy lenses in LZa are composite, containing both a basal mafic-rich rock and an 
overlying felsic-rich rock, whereas in LZb the lenses can be separated on the centimetre-scale (Fig. 5.9). 
 
Figure 5.4 Late-stage segregation structures in LZb. (a) 
Felsic-rich diapir deforming the magmatic layering, with 
conjugate mafic-rich and felsic-rich segregations below 
the diapir. Note the mafic-rich segregations are 
stratigraphically lower than the felsic-rich segregations. 
(b) Coarse-grained gabbroic pegmatite with sharp 
boundaries against the LZb gabbro. The magmatic 
layering is not deformed. (c) Coarse-grained gabbroic 
pegmatite tendrils propagating through LZb gabbro. 
Annotated letters as defined for Fig. 5.3. 
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This separation develops up stratigraphy, and in LZc it is typical for the two components to be separated 
by more than 0.5 m.  
The morphology of a single component wispy lens is a function of its modal assemblage. The felsic-
rich lenses extend outwards and upwards along stratigraphic horizons, cutting magmatic layering (for 
up to 20 m), and covering a large area (in a 2D plane; Fig. 5.8); the 3D expression is generally confined 
to an along strike trend.  The mafic-rich lenses extend down-stratigraphy, with limited side-ways 
expression (Fig. 5.10). The wispy lenses are associated with ductile deformation of the surrounding host 
LZ gabbro. Examples from LZb include: felsic-rich wispy lenses surrounded by strongly aligned 
plagioclase in the host gabbro (Fig. 5.11); a felsic-rich diapir disrupting magmatic layering (Fig. 5.4a); 
mafic-rich and felsic-rich segregations forming branching structures that deform the surrounding mush 
over a vertical stratigraphic distance of >4 m (N 68°11.577’ W 31°43.477’; Fig. 5.12).  
 
Figure 5.5 Podiform gabbroic pegmatite with smaller blobs of gabbroic 
pegmatite 1 m up-section in LZb. 
 
 
Figure 5.6 (a) Gabbroic pegmatite in LZb gabbro. (b) Coarse-grained 
plagioclase cross-cut the boundary of the gabbroic pegmatite and follow 






Figure 5.7 (a) Along strike expression of felsic-rich and mafic-rich 
segregations cutting the LZc gabbro; (b) the mafic-rich and felsic-rich 
segregations are located up-stratigraphy of the (c) podiform gabbroic 
pegmatite. The mineralogy of the annotated letters is detailed in Fig. 
5.3: A is referred to as the mafic-rich segregation; D is referred to as the 
felsic-rich segregation. 
 
Mafic-rich and felsic-rich wispy lenses are associated with fallen roof blocks in the LZ (e.g. N 
68°12.271’ W 31°41.448’; Fig. 5.13). The mafic-rich material is at the base, while the felsic-rich 
material lies above. 
No gabbroic pegmatites were observed in MZ. I found examples of wispy lenses of stratified mafic-
rich and felsic-rich rock, which run parallel with the magmatic layering at N 68°11.133’ W 31°41.383’; 
however, these are uncommon. As documented in LZb and LZc, the two components form both 
composite wisps and separated wisps (Fig. 5.14). 
UZa hosts gabbroic pegmatites that are morphologically distinct from those in LZ. The gabbroic 
pegmatites form dykes (5–15 cm wide), connected to localised 30 x 10 m gabbroic pegmatite sills (~20 
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cm thick) extending parallel to planar magmatic layering, and spaced every ~10 m of stratigraphy 
(Larsen and Brooks, 1994). These structures are abundant near the ‘North House foundations’ at N 
68°10.075’ W 31°43.303’ (Fig. 5.15). There is a notable absence of wispy lenses in the lower part of  
UZa. 
 
Figure 5.8 Felsic-rich and mafic-rich segregations in LZb gabbro. The 
felsic-rich wisps migrate laterally and are located stratigraphically up-
section relative to the mafic-rich segregations. The mineralogy of the 
annotated letters is detailed in Fig. 5.3: A is referred to as the mafic-rich 
segregation; D is referred to as the felsic-rich segregation. 
 
 
Figure 5.9 A schematic cartoon summarising the key 
field observations of the segregated mafic-rich and felsic-
rich wispy lenses, and their association with the gabbroic 





Figure 5.10 (a) Conjugate mafic-rich and felsic-rich segregations in 
LZc gabbro. (b) The mafic-rich lenses extend down-stratigraphy, with 
limited side-ways expression. The mineralogy of the annotated letters 
is detailed in Fig. 5.3: A is referred to as the mafic-rich segregation; D 



















Figure 5.11 The felsic-rich and mafic-rich 
segregations distort the surrounding LZb 
gabbro. The mineralogy of the annotated 
letters is detailed in Fig. 5.3: A is referred 
to as the mafic-rich segregation; D is 




Figure 5.12 (a) Felsic-rich segregations extend along magmatic layering and cross-
cut the magmatic layering of the LZc gabbro. (b) The along strike propagation of the 
felsic-rich and mafic-rich segregations. (c) Alignment of the plagioclase laths in the 
felsic-segregation is distinct from the magmatic layering of the LZc gabbro. The 
mineralogy of the annotated letters is detailed in Fig. 5.3: A is referred to as the 












Figure 5.13 Roof block in LZb gabbro. The roof block has 
been intruded by felsic-rich segregations, with mafic-rich 
segregations along the base. The mineralogy of the annotated 
letters is detailed in Fig. 5.3: A is referred to as the mafic-





Figure 5.14 (a) Felsic-rich and mafic-rich segregations in the 
MZ, with the felsic-rich segregations stratigraphically up-




Figure 5.15 Gabbroic pegmatite sill running parallel with the 
magmatic layering of the UZa gabbro. There are no mafic-rich 
or felsic-rich segregations associated with the gabbroic 
pegmatite sill. 
 
The upper part of UZa hosts the iconic trough layering of the Skaergaard Intrusion (Irvine and Stoeser, 
1978; Irvine et al., 1998; Vukmanovic et al., 2018; Wager and Brown, 1968). The onset of trough 
layering in the UZa stratigraphy occurs just above the abrupt appearance of elongate, needle-like 
plagioclase, 1–2 cm in length, in the UZa gabbro at a clearly-defined stratigraphic horizon (Holness 
2017 pers. comm.). Above this horizon, the clearly identifiable abundant elongate plagioclase grains 
are homogeneously distributed throughout the UZa gabbro.  
The sill-like gabbroic pegmatites and feeder dykes do not penetrate the trough layering in the upper part 
of UZa. Instead, the gabbroic pegmatites in the upper part of UZa revert to the metre-scale podiform 
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morphology typical of pegmatites in LZa and LZb. The gabbroic pegmatites are abundant on the 
margins of the troughs, forming a ‘pegmatite field’ extending 15 m outwards from the trough margin, 
but are absent within the troughs themselves (Fig. 5.16). The pegmatite fields associated with each set 
of trough layers are separated along strike by zones of undisturbed UZa gabbro. 
The gabbroic pegmatites in the UZa trough layering horizon are predominantly comprised of lithology 
(B) and (C) (as defined for gabbroic pegmatites in LZa – see section start). Some gabbroic pegmatites 
have associated copper staining. The gabbroic pegmatites associated with the trough layers are larger 
than those in LZ, ranging from 0.2–15 m along the major axis. They are largest in the centre of each 
pegmatite field (Fig. 5.16). The pegmatite fields become smaller, and the number of pegmatites they 
contain decreases, as the margin of the intrusion is approached.  
 
Figure 5.16 (a) Drone photograph (courtesy of Jens 
Andersen) of the UZa trough layering, focused on 
Trough F. The gabbroic pegmatites are located along the 
trough margins. (b) Cartoon schematic of the gabbroic 
pegmatite fields either side of the UZa trough layering. 
 
Wispy lenses are associated with the gabbroic pegmatites in the trough layering horizon. The wispy 
lenses are located directly above and alongside the gabbroic pegmatites. This contrasts with the 
relationship observed in LZ, in which the wispy lenses were 5-10 m stratigraphically above the gabbroic 
pegmatites. Nevertheless, the fabric of the gabbro surrounding the wispy lenses is deformed. The mafic-
rich segregations of the wispy lenses have a higher oxide proportion than the mafic-rich segregations 
of LZc; the felsic-rich segregations of the wispy lenses remain anorthositic.  
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Dendritic anorthosites, as described by McBirney and Sonnenthal (1990); and Sonnenthal (1992), occur  
in the pegmatite fields on either side of the trough layering in UZa. These thin (~5 mm) dendritic 
structures are concordant with the magmatic layering of the trough layers, extending for 0.5–16 m along 
their major axis. The dendritic structures are composed of plagioclase and interstitial magnetite, with 
an associated mafic-rich component comprising magnetite with olivine and pyroxene (analogous to the 
felsic-rich and mafic-rich wispy lenses). Ten separate dendritic structures were studied from twelve 
pegmatite fields. They are invariably connected to the stratigraphic top of nearby gabbroic pegmatites 
(Fig. 5.17), in clear contradiction to McBirney and Sonnenthal (1990) who claimed “no direct 
connection between these pegmatites and dendrites”. However, there is no quantifiable relationship 
between the apparent 2D exposed size of the gabbroic pegmatite and the abundance and size of the 
associated dendritic structures.  
 
Figure 5.17 (a) The felsic-rich and mafic-rich segregations are up-dip of the gabbroic pegmatites, (a’) the 
segregations form dendritic structures along the magmatic layering. Note the mafic-segregation is always 
located down-dip. (b) the dendritic structures can extend for up to 16 m and (b’) the mafic-rich segregations 
are located down-dip. (c) the dendritic structures occur where the gabbroic pegmatite intersects a well-defined 
magmatic layer. (d) felsic-rich segregation up-dip with minimal mafic-rich component. (e) cartoon schematic 
showing the relationship between the gabbroic pegmatite, the strong magmatic layering of UZa trough layering 




The planes of the magmatic layering containing the dendritic structures have dips ranging between 14–
24°S. Sonnenthal (1992) reported that the branches of the anorthosite dendrites point up-dip; however, 
new fieldwork evidence documents a variety of orientations (Table 5.3). Crucially, the mafic-rich 
component of the dendrites is always oriented down-dip of the felsic-rich component (Fig. 5.17). 
UZb does not host gabbroic pegmatites, but does contain rare wispy lenses of felsic-rich and mafic-rich 
segregations (on the centimetre- to metre-scale). The felsic-rich segregations are coarser-grained than 
those in UZa, and are comprised of plagioclase, magnetite, pyroxene and amphibole, often surrounded 
by a rusty coloured halo. Numerous felsic-rich segregations are exposed on an eroded surface in the 
lower part of UZb (N 68°09.727’ W 31°42.302’). The segregations comprise ~3% of the 2D area.  
At higher levels in the stratigraphy, UZb has packets of slumped and deformed gabbro (0.5–2 m thick), 
which can be traced laterally for tens of metres (e.g. N 68° 9.705’ W 31° 42.220’; N 68° 9.700’ W 31° 
42.224’). Felsic-rich and mafic-rich segregations are preferentially found in these disrupted horizons, 
with mafic-rich segregations typically showing evidence for downwards migration over 1–2 m through 
the deformed stratigraphy (Fig. 5.18).  
 
Figure 5.18 (a) In UZb gabbro there are metre-scale laterally 
continuous disrupted and deformed layers. (b) Within the disrupted 
layers there are felsic-rich and mafic-rich segregations; the mafic-rich 
segregation migrates stratigraphically downwards. 
 
Stratigraphically above the deformed horizons of UZb there is strong primary modal layering, which is 
laterally continuous for tens to hundreds of metres. The mafic component of the modal layering forms 
a continuous basal layer, tens of centimetres thick; it is overlain by the felsic component. Intriguingly, 
and of relevance to this work, the felsic component forms tendrils rising off the top of the basal mafic 
layer, analogous in morphology to sedimentary flame structures in a compacting mudstone. This 
illustrates the differential properties (density, viscosity) of two contrasting compositional assemblages. 
Within UZc are the melanogranophyres of Wager and Brown (1968) – see section 5.1.12. The 
assemblages of these late-stage segregations are comparable to that of the LZ gabbroic pegmatites and 
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associated wispy lenses. The melanogranophyres form pegmatitic, layer-conformable, 300 m wide by 
0.2 m thick sills dominated by plagioclase, with some pyroxene, oxide and amphibole (e.g. locality N 
68°09.750’ W 31°41.307’). The sills thin towards their margins with no associated change in grain size 
(Fig. 5.19). Other pegmatitic melanogranophyre bodies in the same horizon of UZc have a podiform 
morphology (typically 1 m by 3 m), with the major axis cutting the magmatic layering. The 
stratigraphically highest part of the podiform pegmatite is a segregated, medium-grained plagioclase 
assemblage with interstitial pyroxene. This suggests the pegmatitic bodies of UZc, referred to in the 
literature as melanogranophyres, are analogous to the gabbroic pegmatites from stratigraphically lower 
in the LS, and henceforth will be discussed as part of the same family of features. 
 
Figure 5.19 (a) The gabbroic pegmatite lense follows the magmatic layering of 
the UZc gabbro. (b) Podiform gabbroic pegmatites cross-cut the magmatic 
layering of UZc gabbro. (c) Mafic-rich and felsic-rich segregations surrounding 
UZc gabbro packets. (d) Felsic-rich segregations with sharp contacts against the 
UZc gabbro. 
 
As in UZb, mafic-rich segregations are associated with deformation of the UZc gabbro. At locality N 
68°09.794’ W 31°41.036’ there is a 20 by 30 m area of mafic-rich and felsic-rich segregations within a 
slumped layer of UZc gabbro in which the mafic-rich segregations extend 3 m downwards. The 
pathways created by the mafic-rich segregations show evidence of having caused brittle deformation to 
the surrounding gabbro, which appears to now be formed of disrupted blocks of otherwise foliated 
cumulates (Fig. 5.19c). In contrast, the felsic-rich segregations are laterally extensive along the 
magmatic layering, with minimal evidence of disruption to the UZc gabbro. Locally, a felsic-rich rock 
forms a thin layer (<10 mm thick) below the pegmatitic melanogranophyre lenses, e.g. at locality N 
68°09.745’ W 31°41.262’.  
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Table 5.3 Field data collected on dendritic anorthosite structures that lie concordantly along magmatic layering, and 











Dendrite growth direction 
relative to slope 
31.72511667 68.16433333 080 20 315 Up slope 
31.7231 68.16456667 068 24 21 Up slope 
31.72301667 68.16456667 068 24 30 Up slope 
31.72298333 68.16451667 078 20 354 Up slope 
31.72311667 68.16461667 074 18 80 Along plane 
31.72291667 68.16468333 064 20 150 Down slope 
31.72213333 68.16468333 094 18 24 Up slope 
31.7219 68.16468333 070 22 162 Down slope 
31.72221667 68.16473333 095 15 140 Along plane 
31.72735 68.164 055 14 240 Along plane 
 
5.3.2 Upper Border Series and roof zone 
My observations of the UBS were confined to fallen boulders and a single locality. LZa’ gabbro is cut 
by gabbroic pegmatites and granophyre: the two are not observed in the same locality. A boulder of 
LZa’ at N 68°11.120’ W 31°41.386’ contains a linear, 20 cm wide gabbroic pegmatite cutting the host 
gabbro (Fig. 5.20). The gabbroic pegmatite has a modal mineralogy consistent with that of LZb gabbro, 
but in this pegmatite, pyroxene did not nucleate on its margins, as is typical in the LS.  
 
Figure 5.20 (a) Gabbroic pegmatite cutting the LZa’ gabbro (a’). 
 
Close to the Brødregletscher glacier (locality N 68°08.031’ W 31°42.505’), boulders of LZa’ are cut by 
a number of late-stage features with a range of compositions including 2–10 cm wide dykes of fine-
grained granophyre with large (<5 cm) green-blue euhedral amphiboles, and discontinuous felsic-rich 
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pods and lenses. The LZa’ host gabbro locally displays evidence of brittle failure as exemplified by the 
sharp fracture pattern of the granophyre dykes. 
At the roof zone contact of the intrusion with the Palaeocene basalt, close to the Brødregletscher glacier 
(locality N 68°07.759’ W 31°42.407’), there is a network of sharply-defined granophyre-filled 
fractures, 1–2 cm wide. Some of the fractures are traceable to rounded granophyre diapirs, with well-
defined boundaries (Fig. 5.21). In the larger fractures (5 cm wide), plagioclase and amphibole 
preferentially nucleate on the margins, with granophyre in the centre. 
 
Figure 5.21 Roof zone of the intrusion with (a) granophyre in centimetre-wide 
fractures. (b) Sharp granophyre fractures. (c) Granophyre in diapir structures 
connected by thin granophyre-filled fractures. 
 
5.3.3 Syn-magmatic faulting: field evidence from late-stage structures 
5.3.3.1 Fe-Ti-V marker horizon 
The five distinct layers of the Fe-Ti-V mineralisation horizon transgress the LZc–MZ boundary (see 
section 5.1.5). In a localised area (30 by 20 m in dimension) and trending N-S, Layers 1, 3 and 4 are 
characterised by ‘oxide-rich seeps’ (around N 68°11.202’ W 31°44.429’), originating from the 
overlying oxide layers and cutting the underlying gabbro. In Layer 1 the oxide-rich seeps extend down-
stratigraphy for 12–18 m, while the oxide-rich seeps below Layer 3 extend downwards by 16–24 m. 
Layer 4 is associated with fewer oxide-rich seeps, and these extend downwards <0.5 m (Fig. 5.22). 
Close to the base of the oxide layers, the oxide-rich seeps have deformed the gabbro in a ductile fashion. 
At greater depths below the oxide layers, the seeps have fractured the gabbro resulting in misaligned 
gabbro packets (0.3–0.5 m along the packet’s major axis), surrounded by mafic seeps. In each gabbro 
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packet the plagioclase foliation is rotated relative to the surrounding magmatic layering (e.g. N 
68°11.210’ W 31°44.428’; Fig. 5.23).  
 
Figure 5.22 Cartoon showing a plan view of the Fe-Ti-V horizons, 
cross-cutting dykes, and the different characteristic behaviour of the 
gabbroic mush of the LZc gabbro i.e. mush distortion where the 
magmatic fabric of the LZc gabbro is distorted/slumped vs mush 
coherence where the magmatic fabric of the LZc gabbro shows 
brittle fracture characteristics. Layer 2 of the Fe-Ti-V horizons does 
not extend through the localised area shown in this figure. 
 
Rare felsic-rich segregations are present, but the volume of material is insignificant in comparison to 
the oxide-rich seeps and the felsic-rich segregations do not follow any particular trend. In places, the 
felsic-rich segregations locally deform the LZc gabbro on a scale of tens of centimetres (Fig. 5.24; N 
68°11.202’ W 31°44.429’). The felsic-rich segregations are plagioclase-dominated, and of a similar 
grain size to the surrounding gabbro. In the same localised area, a dendritic anorthosite structure extends 
1.2 m concordantly along a defined magmatic layering plane. The magmatic layering plane strikes 032 
and dips 34° eastward, while the dendritic anorthosite structure has a N-S trend (comparable to the 
oxide-rich seeps). The dendritic anorthosite structure is identical to those associated with the gabbroic 
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pegmatites in the vicinity of the UZa trough layering. While there is a large (0.8 m wide) podiform 
gabbroic pegmatite in the stratigraphic interval between Layer 3 and 4 (N 68°11.195’ W 31°44.408’), 
there is no obvious connection between it and the dendritic anorthosite structure on the magmatic 
layering plane.  
 
Figure 5.23 (a) Oxide-rich seeps cross-cutting the magmatic layering of the LZc 




Figure 5.24 (a) Felsic-rich and mafic-rich segregations distorting the magmatic 
layering of the LZc gabbro. (b) Some felsic-rich and mafic-rich segregations run 
parallel with the magmatic layering, causing distortion of the LZc gabbro fabric (b’). 
 
5.3.3.2 Felsic-rich segregations  
Close to Homestead bay on Kraemer Island, magmatic modal layering of LZc is cross-cut by syn-
magmatic faulting on the sub-metre scale, and the magmatic layering is offset by 0.2–0.5 m. The 
faulting structures are defined by oriented plagioclase grains and dip to the north (Fig. 5.25). There are 
some en echelon pockets of gabbroic pegmatite (Fig. 5.25b), opening with a trend of 110˚, at an oblique 
angle to the faulting. The en echelon coarse-grained gabbroic pockets are rich in plagioclase and 
pyroxene, with some magnetite and granophyric patches. These pockets are <0.6 m along their major 
axis and are analogous in morphology to the Wavy Pyroxene rock structures described by Humphreys 




Figure 5.25 (a) Deformation of the LZc gabbro with cross-cutting 
felsic-rich segregations. (b) En echelon gabbroic pegmatites are found 
associated with the deformed LZc gabbro shown in (a). 
 
5.4 Analytical methods 
5.4.1 Samples collected 
I collected sixty-nine samples across the Skaergaard Intrusion between 07/08/2017 and 07/09/2017. 
These samples cover the full suite of lithologies, with the exception of the HZ, the Sandwich Horizon, 
MZ’ and UZ’ (Fig. 5.1). The samples collected represent a comprehensive range of late-stage 
structures (Appendix Table 5.A). 
The position of each surface sample was recorded by global positioning system (GPS; Appendix Table 
5.A). The true stratigraphic distances between samples were established by correcting for the local dip 
of layering (as determined by McBirney (1989)) and correlating with the reference stratigraphy of the 
LS by Tegner et al. (2009). Following Tegner et al. (2009), I use 2177 m as the total stratigraphic 
thickness of the LS, with the baseline for the stratigraphic height located at the MBS–LZa boundary on 
Uttental Plateau. 
It is worth noting that significant differences exist in the relative thicknesses of some zones and 
subzones of Tegner et al. (2009) compared with those given by Wager and Brown (1968). For example, 
the locations of the LZ–MZ and MZ–UZ boundaries are stratigraphically higher and lower, 
respectively, reducing the MZ thickness relative to that of the Wager and Brown (1968) stratigraphy. 
In contrast, the thicknesses of LZc and UZa are greater than those reported by Wager and Brown (1968). 
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5.4.2 Sample preparation for whole rock analysis 
Prior to crushing, the weathered material was removed by rock-saw to reduce the risk of contamination 
and each sample was dried to remove surface moisture. Whole rock preparation was carried out at the 
Grant Institute, University of Edinburgh. A tungsten carbide jaw crusher was used, followed by a 
tungsten carbide milling vessel in a vibratory ring mill. This ensured any contamination from the 
equipment would be consistent. Tungsten carbide milling materials may contaminate a sample with Co, 
W, Nb, and Ta; however, accurate measurements of these element concentrations was not critical for 
this present study (Hickson and Juras, 1986; Iwansson and Landström, 2000). Cross-contamination was 
minimised by thorough cleaning of the equipment between samples with methylated spirit and 
compressed air. The mass of each sample was reduced at each sample preparation stage, with care taken 
to ensure differential settling of particles did not affect the sample reduction.   
5.4.3 X-ray fluorescence (XRF) 
Major and trace element whole rock analyses were obtained by fused bead and pressed powder pellet, 
XRF analyses at the Grant Institute, University of Edinburgh. The analyses were conducted using a 
PANalytical Axios sequential fully automatic wavelength-dispersive X-ray fluorescence spectrometer. 
Loss on ignition ranged from -3.7–2.6%, with final totals within the 99–100% range. XRF does not 
differentiate between FeO and Fe2O3, therefore the oxidation resulted in a "gain on ignition" in the Fe-
rich samples. 
Calibration of the wavelength dispersive XRF was validated using reference materials and certified 
reference materials (CRMs). Following UKAS accredited procedures two in-house QC materials were 
analysed within each batch of fusion and within the sample run to assure the quality of the fusion and 
analysis. The flux used for fusion was checked to ensure it was sufficiently pure. Three of the samples 
were triplicates; these suggest the analyses are representative of the total bulk rock (even for the 
pegmatitic samples), with the standard deviation of the unknowns (variance of the triplicates compared 
to their mean) below 0.3 for the felsic and gabbroic material, and below 0.9 for Fe-rich material – with 
the exception of Fe2O3, which had a standard deviation of 2.1. The published values of the CRMs by 
Govindaraju (1994) were recovered within 1% for the major element analyses and within 5% for the 
trace element analyses. All values reported for the major and trace elements were above detection limit. 
5.4.4 Optical and SEM microscopy  
Samples were characterised at the Department of Earth Sciences, University of Cambridge using 
transmitted and reflective light microscopy. The polished thin sections were analysed by the FEI Quanta 
FEG 650 F scanning electron microscope (SEM) at the Department of Earth Sciences, University of 
Cambridge, using a 10 kV beam at spot 3, with a 30 µm aperture and a working distance of 10 mm. 
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This provided semi-quantitative mineral compositions, element energy dispersive X-ray spectroscopy 
(EDS) maps and back-scatter electron (BSE) imagery. 
5.4.5 Mineral compositions 
Minerals compositions were measured using a CAMECA SX-100 electron microprobe with five WDS 
spectrometers at the Department of Earth Sciences, University of Cambridge. The instrument uses 
PeakSight software with ZAF correction. Appropriate natural and synthetic primary standards were 
used. Plagioclase compositions were analysed at 15 kV and a 2 µm beam, with major elements run at 
10 nA and generally analysed for 20 s on peak. Relevant mineral secondary standards were run at 
regular intervals to check for precision and reproducibility. The secondary standard mineral 
compositions had standard deviations below 0.5 for the majors. Plagioclase cores and rims were 
analysed. Given the size of the analysed plagioclase grains, the beam interaction volume remained 
within the plagioclase, as determined by Monte Carlo simulations using Casino v2.48 software (Drouin 
et al., 2007).  
5.5 Results 
5.5.1 Late-stage microstructures of the late-stage segregations 
5.5.1.1 Layered Series 
The LZ is characterised by podiform pegmatites, comprised of all, or a number of components (A) – 
(D), as described by field observations. (A) The olivine pyroxenite consists of primocrysts of 
clinopyroxene (< 1.5 cm diameter) with subhedral olivine (1–2 mm diameter), subhedral plagioclase (< 
4 mm diameter), and euhedral apatite along grain boundaries < 500 µm long. Anhedral, globular oxides 
cut across grains of olivine, clinopyroxene and plagioclase, often with interstitial biotite rooted on the 
surface; however, there are no disequilibrium microstructures (Fig. 5.26a). Despite the volumetric 
abundance of (B) – the coarse-grained gabbro – it was not possible to select samples appropriate for 
thin section analyses of (B). (C) Coarse-grained plagioclase (0.5–2 cm) is associated with large 
amphiboles and clinopyroxene on the centimetre-scale. The clinopyroxene and amphibole typically 
have undulating grain boundaries. Interstitial granophyric pockets, 1–10 mm across, have planar-sided 
boundaries defined by adjacent primocrysts (usually plagioclase or amphibole) with an impingement-
controlled pocket shape (Fig. 5.26b). The granophyric pockets comprise intergrowths of quartz with 
plagioclase and/or alkali feldspar. Some granophyric pockets host large euhedral apatite grains, < 1 mm 
in diameter. In close proximity to the granophyric pockets (typically separated by a primocryst) are 
interstitial intergrowths dominated by large, dendritic ilmenite crystals, intergrown with either 
plagioclase or clinopyroxene. The oxide intergrowths are spatially associated with euhedral grains of 
magnetite. The size of the intergrowths varies from 0.5–5 mm. (D) Medium-grained, subhedral 
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plagioclase laths with a zoned rim are surrounded by large interstitial clinopyroxene grains (> 1 cm 
diameter) with varying amounts of small (< 500 µm diameter) grains of amphibole, biotite (generally 
rooted on an oxide), apatite, rare anhedral olivine, and granophyric patches (Fig. 5.26c). Intergrowths 
of ilmenite cut across the grains and are spatially associated with magnetite. Within the LZ gabbroic 
pegmatites (A)–(D), the late-stage microstructures are limited to paired intergrowths i.e. the non-
replacive symplectites of Holness et al. (2011). 
 
Figure 5.26 Microstructures of the LZ late-stage segregations (a) PPL photomicrograph of the olivine 
pyroxenite consisting of primocrysts of clinopyroxene (Cpx), olivine (Ol), plagioclase (Pl), hornblende (Hbl) 
and apatite (Ap; along grain boundaries). Globular oxides cut across primocryst grains. (b) XPL 
photomicrograph of coarse-grained plagioclase associated with amphiboles and clinopyroxene. Interstitial 
granophyric pockets have planar-sided boundaries defined by adjacent primocrysts. (c) XPL photomicrograph 
of medium-grained plagioclase laths with a zoned rim are surrounded by large interstitial clinopyroxene grains 
with varying amounts of small apatite grains. (d) XPL photomicrograph of a composite lense of mafic- and 
felsic-rich segregations, with the felsic-rich segregation overlying the basal mafic-rich segregation. (e) XPL 
photomicrograph of the mafic segregation comprising rounded olivine grains with oikocrysts of clinopyroxene, 
interstitial plagioclase and globular ilmenite and magnetite. (f) XPL photomicrograph of a plagioclase 
dominated felsic-rich segregation, with granophyric pockets 
 
Stratigraphically above the podiform gabbroic pegmatites are composite lenses of mafic- and felsic-rich 
segregations (Fig. 5.26d). The mafic-rich segregation comprises rounded olivine grains (typically 2-6 
mm diameter), with oikocrysts of clinopyroxene, interstitial plagioclase and globular ilmenite and 
magnetite (Fig. 5.26e). The volume of oxides increases stratigraphically upwards to the MZ. Along the 
contacts between the average gabbro and the mafic-rich segregation there are clinopyroxene-plagioclase 
stepped grain boundaries and replacive symplectites. The felsic-rich segregations are plagioclase 
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dominated, with the plagioclase laths (0.5–2 mm along their long axis) aligned parallel with the 
boundary between the paired mafic- and felsic-rich segregations (Fig. 5.26f). Oikocrysts of 
clinopyroxene, magnetite and ilmenite dominate the plagioclase interstices, with occasional Ti-rich 
biotite. The plagioclase of the felsic-rich segregations typically have a thin outer rim (< 100 µm thick). 
Overall the mafic- and felsic-rich segregations have late-stage microstructures consistent with a reactive 
Fe-rich liquid, and indicate a weak separation of immiscible liquids (as characterised by Holness et al. 
(2011) for the LS).   
The petrology of the gabbroic pegmatites evolves upwards through the LS, with olivine primocrysts 
becoming more fayalitic, the clinopyroxene tending towards ferro-augite, and the plagioclase becoming 
more albitic. Within UZa, there are different late-stage microstructures when comparing the podiform 
pegmatites in the trough layering and the gabbroic pegmatite sills and feeder dykes in the lower part of 
UZa. The gabbroic pegmatitic sills and dykes are characterised by extensive ilmenite intergrowths, 
varying from 1–5 mm in size and typically associated with clinopyroxene and magnetite (Fig. 5.27a). 
There are polycrystalline olivine rims between oxides and pyroxene, and replacive symplectites 
between oxides and plagioclase (Fig. 5.27b). In close proximity to the upper boundary of the sills there 
are granophyric pockets (Fig. 5.27c) adjacent to ilmenite intergrowths suggesting two conjugate 
immiscible liquids with poor separation. The plagioclase of the gabbroic pegmatites have an outer rim 
(50–100 µm wide) at the top of the gabbroic pegmatite sills, but are not typically zoned in the lower 
parts. Euhedral apatite grains up to 400 µm in diameter lie along grain boundaries, with no particular 
association with either mafic or felsic phases.  
The gabbroic pegmatites of the UZa trough layering have associated mafic- and felsic-rich segregations 
up-stratigraphy. At the contact between the mafic-rich segregation and the UZa average gabbro there 
are replacive symplectites between the oxides and the average gabbro plagioclase (Fig. 5.27d,e). The 
felsic-rich segregations are plagioclase dominated, with some interstitial mafic pockets i.e. magnetite, 
ilmenite, biotite, and interstitial granophyric pockets (Fig. 5.27f). Plagioclase outer rims are common 
but thin, typically <100 µm.  
The mafic-rich segregations of UZb are characterised by olivine, clinopyroxene, oxides and an 
abundance of euhedral apatite, with occasional grains of plagioclase (Fig. 5.28a). The apatite grains lie 
along silicate and oxide grain boundaries and range from 50–1000 µm in length, smaller (<200 µm 
diameter) apatite grains are found as inclusions in primocryst phases, as well as within the ilmenite 
intergrowths (Fig. 5.28b). There are occasional polycrystalline olivine rims between oxides and 
pyroxenes, close to the mafic-rich segregation contact with the UZb gabbro. The felsic-rich segregations 
of UZb are dominated by euhedral plagioclase (Fig. 5.28c). The plagioclase grains have 100 µm rims 
surrounding the tabular core. Interstitial pockets 500–1000 µm in diameter within the felsic-rich 
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segregations are granophyric or are dominated by ilmenite intergrowths, with several large (>100 µm 
long) apatite grains. The shape of the pockets are controlled by the surrounding plagioclase grains.  
 
Figure 5.27 Comparisons between the microstructures of the late-stage segregations from the lower parts of 
UZa, with those from the trough layering of UZa (a) PPL photomicrograph of the gabbroic pegmatitic sills and 
dykes are characterised by extensive ilmenite intergrowths, typically associated with clinopyroxene and 
magnetite (Mag). (b) XPL photomicrograph of polycrystalline olivine rims between oxides and pyroxene. (c) 
XPL photomicrograph of plagioclase grains in close proximity to the upper boundary of the sills, where there 
are granophyric pockets. Note the outer rim on the plagioclase grains. (d) PPL photomicrograph of the contact 
between the mafic-rich segregation and the UZa average gabbro, where there are (e) replacive symplectites 
between the oxides and the average gabbro plagioclase (XPL photomicrograph). (f) XPL photomicrograph of 
the plagioclase dominated felsic-rich segregations, with some interstitial granophyric pockets. 
 
UZc is comprised of coarse-grained pegmatitic segregations, with overlying mafic- and felsic-rich 
segregations. In the upper parts of the pegmatitic segregations there are adjacent millimetre-scale 
pockets of paired intergrowths of ilmenite and granophyre. Likewise, within the plagioclase-dominated 
felsic-rich segregation there are mafic-rich and granophyric pockets 1–3 mm in diameter. The mafic 
pockets consist of olivine, altered Fe-rich pyroxene, and apatite grains up to 300 µm long (Fig. 5.28d,e). 
The plagioclase from the felsic-rich segregations have 50 µm albitic rims where in contact with a 
granophyric interstitial pocket (Fig. 5.28f). The mafic-rich segregations from UZc are characterised by 
large (~4 mm dimeter) oikocrysts of Fe-rich olivine, with heavily altered, rounded, Fe-rich pyroxene 
grains (typically 1–2 mm in diameter). Subhedral plagioclase laths are distributed throughout and are 
of comparable dimensions to the pyroxenes. Interstitial oxides with coarse exsolution lamellae (on the 
10–20 µm scale) of magnetite and ilmenite host sulfide bleb inclusions ranging from 20–100 µm in 
diameter. Some oxides form 200 µm diameter inclusions in the olivine oikocrysts. There are abundant 
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euhedral apatite grains, < 1000 µm in length, which lie along grain boundaries. Apatite inclusions within 
the altered pyroxene, plagioclase and oxides are generally smaller. 
 
Figure 5.28 Microstructures of the UZb and UZc late-stage segregations (a) PPL 
photomicrograph of the mafic-rich segregations of UZb are characterised by olivine, 
clinopyroxene, oxides and an abundance of euhedral apatite, with grains of plagioclase. 
(b) BSE image of apatite grains and titanomagnetite (Tmag) associated with olivine in 
the mafic-rich segregation of UZb. (c) XPL photomicrograph of the felsic-rich 
segregations of UZb, dominated by euhedral plagioclase with granophyric pockets. (d) 
PPL photomicrograph of the felsic-rich segregations of UZc, with an interstitial mafic 
pocket consisting of olivine, altered Fe-rich pyroxene, and apatite grains up to 300 µm 
long. (e) BSE image of the felsic-rich segregations of UZc, highlighting the range of 
mafic minerals in mafic rich pockets between plagioclase grains. (f) BSE image of the 
felsic-rich segregations of UZc, highlighting the granophyric pockets. 
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5.5.1.2 Upper Border Series and roof zone 
LZa’ is cut by a number of centimetre-scale fractures, filled with fine-grained granophyre. Within the 
fractures are euhedral apatite grains, <1 mm in diameter, and large (<5 cm) green-blue euhedral 
amphiboles. At the roof zone contact of the intrusion, centimetre-scale fractures are filled with a fine-
grained granophyre.  
5.5.1.3 Syn-magmatic faulting and the Fe-V-Ti marker horizon 
The oxide-rich seeps within LZc are dominated by primocryst magnetite and ilmenite, with interstitial 
ilmenite extending along magnetite grain boundaries (Fig. 5.29a,b). The contact between the oxide-rich 
seep and the surrounding LZc average gabbro is characterised by a range of late-stage microstructures. 
Stepped grain boundaries on clinopyroxene-plagioclase grain boundaries, polycrystalline olivine 
between oxides and pyroxene (Fig. 5.29c), and replacive symplectites (Fig. 5.29d) all indicate a 
localised reaction between the host gabbro and the late-stage oxide-rich seep (Holness et al., 2011; 
Holness et al., 2007; Stripp, 2009).  
 
Figure 5.29 Microstructures of the Fe-V-Ti marker horizon (a) BSE image of the 
oxide-rich seeps within LZc, dominated by magnetite and ilmenite, with interstitial 
ilmenite extending along magnetite grain boundaries. (b) PPL photomicrograph of the 
oxide-rich seeps within LZc. (c) BSE image of the polycrystalline olivine between 




5.5.2 Whole rock geochemistry of the late-stage segregations  
Following the nomenclature used in my fieldwork observations, whole rock major and trace element 
data is presented for the gabbroic pegmatites and the mafic- and felsic-rich segregations (Appendix 
Table 5.B and 5.C). The term gabbroic pegmatite relates specifically to component (B) of the podiform 
pegmatitic structures. The SiO2 concentration in the felsic-rich segregations range from 52.9 to 76.7 
wt.%, while the SiO2 concentration in the mafic-rich segregations ranges from 6.3 to 44.9 wt.%. The 
SiO2 concentrations of the gabbroic pegmatites are intermediate between the mafic- and felsic-rich 
segregations. There is a negative correlation between the concentrations of SiO2 against Fe2O3 total and 
TiO2 for all three major lithologies (Fig. 5.30), with the mafic-rich segregations having the highest 
concentrations of Fe2O3 total and TiO2, reaching a maximum of 62.5 wt.% and 24.5 wt.% respectively.  
 
Figure 5.30 Harker plots for major elements (wt.%), presented by mafic- and felsic-rich segregation, gabbroic 
segregation, and overlain with published whole rock data for the gabbros of the layered series (McBirney, 1998; 
Tegner et al., 2009); published whole rock values for the melanogranophyre of UZc (McBirney, 1989) and 
published whole rock values for the felsic-rich segregations (Larsen and Brooks, 1994; McBirney, 1989). 




The Fe2O3 total and TiO2 concentrations are lowest in the felsic-rich segregations, respectively at ~2 wt.% 
and <0.5 wt.%. Magnesium numbers (Mg# (XMg/[XMg + XFetotal])) range from 44 for the mafic-rich 
segregations to <1 for the felsic-rich segregations.  
Gabbroic pegmatites stratigraphically higher in the LS have a lower Mg#. This Mg# trend is also seen 
for the Fe-rich ultramafic pegmatoidal bodies distributed within the Bushveld Complex (Viljoen and 
Scoon, 1985). MnO concentrations have a strongly negative correlation with SiO2 concentrations 
greater than 20 wt.% and a positive correlation with concentrations below 20 wt.% SiO2; this is true for 
the gabbroic pegmatites, mafic- and felsic-rich segregations. The felsic-rich segregations have the 
widest spread of K2O, CaO and Al2O3 concentrations at 0.1–2.2 wt.%, 2.5–10.4 wt.%, and 11.9–24.1 
wt.%, respectively. Total alkali contents (Na2O + K2O) range from 4.5–7.0 wt.% for the felsic-rich 
segregations and 0.1–1.8 wt.% for the mafic-rich segregations. The mafic-rich segregations lie in the 
ultrabasic field on a total alkali-silica plot, the felsic-rich segregations are classified from intermediate 
to acid, while the gabbroic pegmatites are classified from intermediate to basic. P2O5 concentrations are 
generally <0.5 wt. % for the felsic-rich segregations, the mafic-rich segregations reach 2.0 wt.% P2O5, 
while in the gabbroic pegmatites P2O5 concentrations range between 0.4–3.9 wt.%. 
The whole rock data for the felsic-rich segregations and gabbroic pegmatites are largely consistent with 
the published whole rock data for the various late-stage segregations for different heights within the 
intrusion (Fig. 5.31) (Larsen and Brooks, 1994; McBirney, 1989; Wager and Brown, 1968). The 
exceptions are the concentrations of K2O, Na2O, and Al2O3, for which the felsic-rich segregations have 
K2O concentrations 1.5 wt.% lower than the published concentrations for similar rock types, but Na2O 
concentrations 1.5 wt.% higher and Al2O3 concentrations 10 wt.% higher.  
The whole rock major element concentrations for the mafic- and felsic-rich paired segregations are 
mostly consistent with concentrations from conjugate immiscible liquid pairs analysed from immiscible 
melt inclusions, unmixing experiments and immiscible groundmass mesostasis (Fig. 5.32) (e.g. Helz, 
1987; Honour et al., 2019; Jakobsen et al., 2005; Jakobsen et al., 2011; Longhi, 1990; McBirney and 
Nakamura, 1974; Philpotts, 1982; Veksler et al., 2007) – see section 5.65 for a discussion of the 
expected partition coefficients between the two liquids, also Fig. 1.8. There are some exceptions, 
including CaO and P2O5 concentrations. CaO concentrations are higher in the felsic-rich segregations 
relative to the mafic-rich segregations and P2O5 concentrations in the mafic-rich segregation are 
relatively low (Fig. 5.31) in comparison to expected concentrations from experiments (e.g. Chapter 2). 
At higher levels in the LS, the compositional gap between the mafic- and felsic-rich segregations is 








Figure 5.31 (previous page) Whole rock major element variations with stratigraphic height (wt.%), presented 
by mafic- and felsic-rich segregation, gabbroic segregation, and overlain with published whole rock data for 
the gabbros of the layered series (Tegner et al., 2009), and published whole rock values for the 
melanogranophyre of UZc (McBirney, 1989) and the granophyre tops of the gabbroic pegmatites (Larsen and 




Figure 5.32 Plot of the composition of immiscible Fe-rich and Si-rich immiscible liquids preserved as glassy 
droplets in a range of tholeiitic volcanic rocks and tholeiitic experiments (in grey), with the Skaergaard mafic- 
(Fe-) rich and felsic- (Si-) rich segregations overlain (filled red and blue squares). Tie lines link samples where 
two adjacent conjugate pairs were accessible for sampling in the field. NS = data from natural samples; EXP = 
experimental data; MI = melt inclusion data. 
 
The concentrations of the gabbroic cumulates from the LS are plotted for comparative purposes with 
the concentrations of the late-stage segregations (Fig. 5.31). The major element concentrations of the 
gabbroic pegmatites are typically comparable to the surrounding cumulate LS gabbro for a given height 
(McBirney, 1998; Tegner et al., 2009); with the main exceptions being the higher K2O concentrations 
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Figure 5.33 (Previous page) Harker plots for trace elements (ppm), presented by mafic- and felsic-rich 
segregation, gabbroic segregation, and overlain with published whole rock data for the gabbros of the layered 
series (McBirney, 1998; Tegner et al., 2009); published whole rock values for the melanogranophyre of UZc 
(McBirney, 1989) and the felsic-rich segregations (Larsen and Brooks, 1994; McBirney, 1989). Representative 
1σ error bars are smaller than the size of the data point. 
 
The trace element concentrations of the gabbroic pegmatites are typically unrelated to the 
concentrations in the LS gabbro (McBirney, 1998; Tegner et al., 2009), with the exception of Sr, Zn 
and Cu (Fig. 5.33; Fig. 5.34). The gabbroic pegmatites are geochemically characterised by elevated 
concentrations of REEs, Nb, Ba, Zr with low concentrations of V, Cr and Ni compared to the 
surrounding LS gabbro concentrations. It is possible that the high Nb concentrations are a consequence 
of contamination from the whole rock sample preparation (see section 5.4.2). However, the same high 
Nb concentrations, relative to the LS gabbro concentrations, are shown for the published felsic-rich 
segregation data too (Fig. 5.34). UZa is notable for the consistently high (or highest) gabbroic pegmatite 
concentrations of Cu, Zn, REEs, Zr, and Rb, reaching maximum values of 720 ppm, 207 ppm, 160 ppm 
(for Ce), 720 ppm and 60 ppm respectively (Fig. 5.34).  
The mafic-rich segregations have high concentrations of elements such as V, Cu, Ni, Zn and Sc 
associated with low concentrations of SiO2 (less than 40 wt. %), conversely there is a positive 
correlation between SiO2 concentrations and the concentrations of REEs, Rb, Ba, Zr and Sr in the felsic-
rich segregations (Fig. 5.33; Fig. 5.34). There is typically good correlation between the new whole rock 
concentrations of the felsic-rich segregation and the previously published data on similar rock types by 
Larsen and Brooks (1994). There is no correlation between the concentrations of Ni and Cu, nor the 
concentrations of Cr and V in the mafic-rich segregations.  
5.5.3 Plagioclase mineral chemistry of the late-stage segregations 
I analysed the major element geochemistry of plagioclase primocryst cores and rims from the late-stage 
segregations of the LS; analyses are presented from the gabbroic pegmatites, as well as the mafic- and 
felsic-rich segregations (Fig. 5.35; Appendix Table 5.D and 5.E). These data are compared to analyses 
of the LS gabbro primocryst plagioclase, and previous plagioclase analyses of the late-stage 
segregations (Humphreys, 2011; Larsen and Brooks, 1994; Namur and Humphreys, 2018). 
Chemical diffusion rates for different elements will vary between minerals, as well as with temperature. 
For slow cooling rates relevant to the Skaergaard Intrusion, only the slowest diffusing elements will 
retain the compositional variability caused by continuous differentiation of the crystallising liquid 
(Humphreys, 2009). Suitable elements can be used to assess the processes that occurred in the late-stage 
segregations during solidification. In this study I look at plagioclase mineral chemistry as it is a phase 







Figure 5.34 (Previous page) Whole rock trace element variations with stratigraphic height (ppm), presented 
by mafic- and felsic-rich segregation, gabbroic segregation, and overlain with published whole rock data for 
the gabbros of the layered series (Tegner et al., 2009), and published whole rock values for the granophyre tops 
of the gabbroic pegmatites (Larsen and Brooks, 1994). Representative 1σ error bars are smaller than the size 
of the data point. 
 
 
Figure 5.35 Plagioclase anorthite variations with stratigraphic height (mol.%) 
for plagioclase cores (a) and plagioclase rims (b), analysed from the mafic- and 
felsic-rich segregations, gabbroic segregations, and overlain with published 
plagioclase anorthite data for the gabbroic pegmatites (Larsen and Brooks, 
1994) and the gabbros of the layered series (Jang et al., 2001; Namur and 
Humphreys, 2018; Toplis et al., 2008). 
 
Major element chemical diffusion in plagioclase is too slow for equilibrium to be maintained between 
crystal and liquid, so a decreasing plagioclase anorthite composition is a reliable indicator of variations 




5.5.3.1 Comparisons to the cumulates of the Layered Series 
The plagioclase from the late-stage segregations is more albitic with increasing stratigraphic height 
through the LS (Fig. 5.35). Plagioclase core anorthite compositions (An# calculated as mol.% 
Ca/(Ca+Na+K)) from the late-stage segregations are typically equivalent to plagioclase rim anorthite 
compositions from the adjacent LS gabbro i.e. they are more albitic, especially in LZa-c. This is 
consistent with the observations of Larsen and Brooks (1994). Furthermore, the typical compositional 
difference between the average plagioclase late-stage segregation core and rim is <5 mol % anorthite 
(similar to that identified by Larsen and Brooks (1994)).  
5.5.3.2 Plagioclase chemistry from different components of the late-stage segregations 
I firstly compare plagioclase core compositions between the different components of the late-stage 
segregations: the pegmatitic gabbro, mafic- and felsic-rich segregations. The plagioclase anorthite 
compositions of the mafic-rich segregations have a restricted range within each layer of the intrusion, 
from ~An64-52 in LZa, through ~An53-43 in LZc, to ~An36-30 in UZc; the felsic-rich segregations typically 
host plagioclase with a wider range of anorthite compositions from ~An69-45 in LZa, through ~An60-43 in 
LZc, to ~An36-29 in UZc, with plagioclase cores from the gabbroic pegmatites (where analysed) typically 
having An# compositions in-between (Fig. 5.35). The plagioclase rims of the late-stage segregations 
follow the same trends as outlined above (Fig. 5.35).  
5.6 Discussion 
5.6.1 Formation of the late-stage segregations 
The formation of the late-stage segregations could occur by a number of processes, either operating 
alone or together: 
- Intrusion of pristine magma 
- Accumulation of residual magma from the interstices of the surrounding cumulates 
- Metasomatic alteration from fluid interaction (with the fluid possibly derived from the evolving 
magma) 
Field relations of nascent gabbroic pegmatites in LZb with plagioclase laths cross-cutting the boundary 
between the LS gabbro and the late-stage segregations suggest the gabbroic pegmatites formed prior to 
the cumulate mush solidifying, with the liquid originating from the cumulate mush pile. The whole rock 
major element concentrations of the gabbroic pegmatites follow the elemental trends and concentrations 
of the LS gabbro for any given stratigraphic height. The anorthite composition of the plagioclase cores 
in the late stage segregations are analogous to the LS gabbro plagioclase rim compositions, suggesting 
that the late-stage segregations formed from the cumulate interstitial liquid passively accumulating 
within the crystal mush. This fits with the conclusions of Larsen and Brooks (1994) who documented 
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similarities in mineral chemistry between the late-stage segregations and the LS primocrysts between 
LZa to UZa; they concluded that the gabbroic pegmatites represented the crystallised batches of 
accumulated intercumulus liquid. The crystals within the gabbroic pegmatites are euhedral with well-
formed terminations, which would have required growth in a liquid with no impedance. Consequently, 
metre-scale pockets of liquid must have accumulated within the mush. Henceforth the late-stage 
segregations are considered to have crystallised from late-stage liquids. The changing morphology of 
these late-stage liquids is summarised in Fig. 5.36. Liquid accumulations in crystal mush on a variety 
of scales are not unusual, with examples of segregation veins on the metre-scale documented from the 
Kīlauea Iki lava lake (Helz, 1980) and examples from the centimetre-scale observed from the Brandur, 
Fontur and Saxi nodules from Icelandic eruptions (Boyes, 2018). 
5.6.1.1 The pegmatitic texture 
“Gabbroic pegmatite” is an observational term in reference to the astounding size of the crystals within 
these segregations, and is the term that has been previously used in the literature (e.g. Larsen and 
Brooks, 1994; McBirney and Noyes, 1979; McBirney and Sonnenthal, 1990; Wager and Deer, 1939; 
Wager and Brown, 1968). However, the literature offers few insights into the origin of such pegmatitic 
textures (Irvine, 1987; Larsen and Brooks, 1994; Larsen et al., 1992; McBirney and Sonnenthal, 1990), 
so here I briefly speculate on how they could have arisen. My field observations and those of Larsen 
and Brooks (1994) recognised that (where possible) the minerals crystallised off the margins of the 
gabbroic pegmatite. This suggests that there was heterogeneous nucleation into a static environment. 
There is no clearly defined feeder visible from field observations. These are typical characteristics of 
granitic pegmatites in hydrous silica-saturated magmas, associated with an exsolved vapour phase 
(Cameron et al., 1949; Philpotts and Ague, 2009).  
The size of the crystals in a solidifying magmatic system is determined by the concentration of elements 
in the surrounding environment and the proximity to other nuclei (Vernon, 2004). Jahns and Burnham 
(1969) suggested that growth of pegmatitic-sized crystals is promoted by slow cooling rate, coupled 
with high diffusion rates through a vapour phase. London (2005) disputed this, concluding that 
pegmatitic textures, rather than regular ‘plutonic’ textures, reflect a change in the state of the system 
such that the probability of forming nuclei of certain phases is decreased. London (2008) suggests the 
reason that granitic compositions commonly produce pegmatites whereas mafic magmas do not, stems 
from the differences in the viscosities of the liquids, and therefore the ionic diffusivity. Mafic liquids 
have lower viscosities resulting in more rapid ionic diffusion (Zhang et al., 2010) that fosters crystal 
nucleation closer to the liquidus. Felsic liquids have higher viscosities, which impede the ionic diffusion 
necessary to initiate nucleation, and hence felsic liquids cool further below their liquidus temperature 
before crystallisation commences. Pegmatitic textures are the result of this undercooling. London 
(2005) concludes that the magnitude of liquidus undercooling at the onset of crystallisation determines 




Figure 5.36 A schematic cartoon summarising the key field observations of the segregated mafic-
rich and felsic-rich segregations, and their association with the gabbroic pegmatites throughout the 
LS. The cartoon also shows the relationship between the gabbroic pegmatite morphology and the 
mush thickness as the intrusion was solidifying. 
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London (2019 pers. comm.) suggests that for gabbroic pegmatites to form, mafic liquids must cool 
much more rapidly than felsic liquids to achieve the degree of undercooling necessary to form a 
pegmatitic textures. 
The gabbroic pegmatites documented in this study were not silica saturated but they were relative 
evolved (with bulk rock Mg# decreasing through the LS; Appendix Table 5.B). All the mineral phases 
are pegmatitic (and at least an order of magnitude greater than the surrounding LS gabbro grain size), 
so there must have been a change in the total nucleation density of the accumulated liquid compared to 
the surrounding LS gabbro. Miarolitic cavities at the stratigraphic top of gabbroic pegmatites (from LZb 
upwards) suggest that vapour saturation occurred during crystallisation. This supports the idea of a H2O-
NaCl-CH4 solution coexisting with the liquid from which the gabbroic pegmatites crystallised, as shown 
by primary fluid inclusions in plagioclase with 22.8 wt.% dissolved NaCl (Larsen et al., 1992). Prior to 
exsolution, the volatiles in the liquid would have lowered the viscosity, increasing the diffusion rate of 
the elements to the crystal (Dingwell et al., 1996; Hort, 1998). London and Morgan (2012) suggests this 
should have increased nucleation, yet I observe a pegmatitic texture. Furthermore, the average size of 
crystals in the gabbroic pegmatite do not noticeably vary between LZ and UZ, nor spatially within the 
LS. This is of note as granitic pegmatites are often found associated with the margins of plutonic bodies, 
in the domain of most rapid cooling (London, 2008) i.e. rapid cooling of viscous liquids will promote 
large undercoolings before nuclei form. Consequently, I would have expected larger crystals in the 
gabbroic pegmatites on the margins of the LS in close proximity to the MBS and UBS where cooling 
rates would have been faster. It is also pertinent to note that the late-stage mafic- and felsic-rich 
segregations, which are spatially associated with the gabbroic pegmatites, have a comparable grain size 
to each other, and the surrounding LS gabbro. This implies that nucleation was not inhibited in these 
late-stage liquids, and so poses the question of what the relationship is between the liquid forming the 
gabbroic pegmatite and the liquid forming the mafic- and felsic-rich segregations. Further work 
exploring this interesting quandary would be valuable and the Skaergaard Intrusion would be a fantastic 
natural laboratory to explore various hypotheses on the formation of mafic pegmatites (discussed further 
in section 6.1.2).  
5.6.2 Crystal mush and late-stage liquid migration  
There is a relationship between the morphology of the gabbroic pegmatites and the independently 
determined thickness of the mush (Holness et al., 2017c). The morphology of the late-stage liquid 
accumulations changes from podiform in the LZ to sill-like morphologies running parallel with the 
modal layering in the lower part of UZa. This occurs in the context of the mush thickness decreasing 
with increasing stratigraphic height, from tens of metres thick in the LZ to metres or thinner in the upper 
parts of the intrusion (Holness et al., 2017c). Significantly, in the upper part of UZa, where the trough 
layering occurs, the gabbroic pegmatites revert to a podiform morphology (Fig. 5.36). This gabbroic 
pegmatite morphology is analogous to that of the gabbroic pegmatites in LZ and implies that the late-
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stage liquid accumulated in a thick mush. Recent fieldwork observations (Holness 2017 pers. comm.) 
coupled with EBSD analyses independently show that the trough layering represents a sudden transient 
overthickening of the mush as a result of mush collapsing from the intrusion walls and acting in a 
sedimentary manner (Vukmanovic et al., 2018). Overall, the gabbroic pegmatite morphology is 
podiform in thick mush but planar in thin mush, as a result of the surrounding LS mush rheology and 
thickness (Fig. 5.36).  
The strength of the surrounding LS mush is a property of the networks formed by the crystals in the 
mush, i.e. it is a function of crystal force chains (Bergantz et al., 2017). In the LZ, not only is there field 
evidence of the diapiric rise of liquid blobs on the sub-metre scale (Fig. 5.5), but also branching tendrils 
from the podiform pegmatites indicating brittle fracturing (Fig. 5.4). One explanation for such 
contradictory observations of ductile and brittle behaviour is granular force chains causing loading of 
the crystal mush. This results in transient mush hardening that can lead to the preservation of brittle 
fracturing features (Bergantz et al., 2017; Schleicher and Bergantz, 2017). Creation of such an 
ephemeral environment depends on the mush porosity, crystal shapes within the mush, and the force of 
the incoming liquid – high porosity results in the mineral-mineral contacts disconnecting, which would 
prevent transient mush hardening and result in ductile behaviour. In zones of thin mush, the gabbroic 
pegmatites form planar sill-like morphologies that rarely cut or deform the magmatic layering.  This 
could be due to insufficient hydrostatic overpressure to exceed the strength of the mush if the cumulus 
crystals were locked. 
In the LZ Fe-Ti-V layers there is evidence of a change from ductile to brittle deformation with 
stratigraphic depth within the crystal mush (Fig. 5.22). Oxide-rich seeps originating from the Fe-Ti-V 
layers (further geochemical investigation is needed to verify this relationship, which is inferred from 
field observations) caused ductile deformation of the surrounding mush as it migrated down 
stratigraphy. At the maximum depth below the Fe-Ti-V layers (24 m below), the seeps have fractured 
the LZc gabbro, resulting in misaligned gabbro packets (Fig. 5.23). This indicates the mush was more 
cohesive at greater depths, suggesting a mush thickness of 20 m.  
Late-stage segregations in UZc are associated with deformed crystal mush, i.e. in slumped layers of 
UZc gabbro (Fig. 5.19). The solidified remnants of mafic-rich liquid extend 3 m down stratigraphy, 
deforming the mush in a ductile manner. Below 3 m, the pathways created by the mafic-rich seep caused 
brittle deformation to the surrounding mush, implying the mush had integral strength. The felsic-rich 
liquids are laterally extensive along magmatic modal layering and have not been lost from the 
interstitial liquid in the floor cumulates, as documented between LZc-UZa by Holness et al. (2011). 
This supports the idea of a thin, strong mush layer, in which the passive buoyancy-driven migration of 
the late-stage liquids is limited. 
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5.6.3 Was there silicate liquid immiscibility in the late-stage segregations? 
The composition (Fig. 5.32) and morphology (Fig. 5.8) of the wispy lenses of mafic- and felsic-rich 
segregations suggests that they are the solidified remnants of two immiscible conjugates. The mafic- 
and felsic-rich segregations evolve towards more immiscible end-member compositions upwards 
through the LS stratigraphy. Below LZc the mafic-rich segregation is an olivine pyroxenite, but in LZc 
and above it is dominated by oxides. This is consistent with the evolution of a mafic- and felsic-rich 
liquid down the silicate liquid immiscibility binodal (Fig. 2.5). Given the shape of the binodal in 
temperature-composition space, this implies that the temperature at which the late-stage liquids were 
crystallising decreased upwards through the intrusion. 
The remnants of the two immiscible liquids show contrasting physical behaviour due to their different 
properties. Following Charlier and Grove (2012), I plot the whole rock data as a function of NBO/T 
(where NBO is the number of non-bridging oxygens, T is the tetrahedrally coordinated network forming 
cations: Si + Al + P + Ti). This is a measure of the degree of polymerisation in silicate melts (Mysen, 
1983). The NBO/T for mafic-rich segregations increases with increasing height in the LZ, conversely 
the NBO/T for the felsic-rich segregations decreases (Fig. 5.37). In the UZ there is a range of NBO/T 
values for the mafic-rich segregations, while the NBO/T values for the felsic-rich segregations are 
relatively constant. The calculated density (using Bottinga and Weill, 1970) of the mafic-rich 
segregations varies from 2.81–3.84 g/cm3, while for the felsic-rich segregations density varies from 
2.35–2.57 g/cm3 – such a calculation is based on the assumption that the sampled late-stage segregation 
is the fully crystallised liquid, with no liquid loss. The density difference between the segregation pairs 
is smallest in LZa, at 0.19 g/cm3, and largest in UZa, at 1.00 g/cm3. Viscosities calculated from the 
whole rock geochemistry suggests that the liquid from which the gabbroic pegmatite crystallised had a 
viscosity on the order of 102 Pa.s (this assumes a closed system); while the liquid from which the mafic- 
and felsic-rich segregations crystallised had viscosities on the order of 10-1 Pa.s and 104 Pa.s, 
respectively. Consequently, the mafic-rich liquid could migrate down through the mush, whereas the 
felsic-rich liquid is closer to the density of the average gabbro and so closer to neutral buoyancy, 
meaning the liquid extends outwards along the magmatic layering.  
The mafic- and felsic-rich segregations are consistently found stratigraphically above podiform 
pegmatites, suggesting a relationship between the two. Previously, field and compositional relationships 
between the mafic- and felsic-rich segregations were attributed to high temperature metasomatism 
(McBirney and Sonnenthal, 1990). They argued that the LS was largely solidified at the time of late-
stage segregation formation and that they saw “no relations between the replacement features and 
slumping or compaction”.  Any structure to the segregations was attributed to the movement of 
metasomatic fluids. However, the consistent morphological relationship of the upper felsic-rich 
segregations and the lower mafic-rich segregations within the same LS average gabbro (e.g. Fig. 5.8) 
is inconsistent with metasomatic alteration from a single fluid. Furthermore, the morphology of the two 
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segregations is each very different, despite metre-scale proximity to the other (Fig. 5.8; 5.10). This 
suggest two distinct starting compositions for the liquids. 
 
Figure 5.37 Plot of NBO/T against height in the layered series of 
the Skaergaard intrusion. Conjugate mafic- (Fe-) rich and felsic- 
(Si-) rich segregations are represented by filled red and blue 
squares.  
 
The gabbroic pegmatites originated from the interstitial liquid of the LS (based on the plagioclase 
mineral chemistry). Unmixing has been documented within the bulk and the interstitial liquid of the LS 
(e.g. Holness et al., 2011; Humphreys, 2011; Jakobsen et al., 2005; Veksler et al., 2007; Veksler et al., 
2008a), with the contentious debate in the Skaergaard literature being centred on when unmixing 
occurred. Previously published estimates for the onset of unmixing in the interstitial liquid from reactive 
microstructures suggest LZc (Holness et al., 2011; Stripp, 2009), while Humphreys (2011) used Ti 
concentrations in plagioclase to conclude that the interstitial liquid unmixes even in the most primitive 
cumulates. Therefore, it is reasonable to assume that the accumulated interstitial liquid (of which the 
gabbroic pegmatites are the crystallised remnants) unmixed. Based on the major element whole rock 
data and petrological observations, I suggest that silicate liquid immiscibility occurred in the late-stage 
segregations from LZa.  
Unmixing of the gabbroic pegmatite liquid in LZa-c was tenuously proposed by Larsen and Brooks 
(1994), based on the whole rock geochemistry of granophyric patches and field observations of sharp 
contacts with the adjacent gabbro. I augment this with detailed petrologic and fieldwork evidence (along 
with further whole rock analyses). The gabbroic pegmatites of LZa host ilmenite-rich and granophyre 
paired intergrowths. The presence of both liquids demonstrates that segregation of the two liquids was 
weak and that liquid migration in the gabbroic pegmatite was incomplete. Otherwise all the mafic-rich 
liquid would have consistently accumulated at the base of the pegmatitic structure. The olivine 


























structures, except in LZa. I observe stepped clinopyroxene-plagioclase grain boundaries, Type 1 
symplectites and polycrystalline olivine rims in LZb mafic-rich segregations, where in contact with the 
surrounding LZb gabbro. These microstructures provide evidence of unmixing  as the mafic-rich 
segregation is out of equilibrium with the LS gabbro, causing it to react with surrounding crystals 
(Holness et al., 2011). This supports the idea of silicate liquid immiscibility occurring in the late-stage 
segregations from LZa. 
Such mafic- and felsic-rich structures have also been identified as unmixed liquids by Coint and Keiding 
(2019) in the 1.8 Ga monzonitic Raftsund intrusion in the Vesterålen-Lofoten Archipelago in Northern 
Norway. Using similar methods to this study, they combine field observations, microstructures, whole 
rock geochemistry and trace elements in clinopyroxene (Coint et al., 2017) to arrive at this conclusion. 
Likewise, Scoon and Mitchell (1994) interpreted the occurrence of Fe-rich pegmatites in parts of the 
Bushveld Complex as originating from immiscible Fe-Ti-rich silicate melts. 
5.6.4 Unmixing and segregation 
Having established that the mafic- and felsic-rich segregations are indeed the crystallised residue of 
conjugate immiscible liquids, the question then arises of where the unmixing and then segregation 
occurred. One scenario is that the gabbroic pegmatites are considered “micro-magma chambers”, as 
envisioned by Larsen and Brooks (1994), in which continual crystallisation evolved the remaining 
liquid fraction towards the silicate liquid immiscibility binodal. In this scenario, the remaining liquid 
fraction unmixed within the gabbroic pegmatite, forming an emulsion. During unmixing the 
composition of the minor and major immiscible phases would be determined by the intersection of the 
liquid line of descent with the binodal. Assuming the whole rock composition of the solidified gabbroic 
pegmatites approximates to the composition of the original accumulated interstitial liquid, then the 
NBO/T of the sample, paired with crystallisation temperature estimates (Larsen and Brooks, 1994), and 
assuming a binodal similar to that of the Sept Iles (Fig. 2.5), suggests that in LZa, the Fe-rich liquid 
would be the minor phase. The Lever Rule suggests the Fe-rich liquid would comprise around 20% of 
the emulsion, rising to 30% in LZb. In UZa, the gabbroic pegmatites have a range of compositions, 
which suggest the minor Fe-rich phase would comprise between 20-50% of the emulsion; while in UZc, 
the Fe-rich liquid is suggested to have dominated (the NBO/T of the whole rock composition for the 
pegmatite exceeds the compositional extent of the Sept Iles binodal). Furthermore, the miarolitic 
cavities at the stratigraphic top of the gabbroic pegmatites are evidence of a vapour phase, and the 
addition of H2O changes the shape and size of the binodal (Fig. 1.4).  Hence, these estimates should be 
treated with caution, but they provide an interesting point of discussion.  
Experimental work on ferrobasalts proposes that in magma bodies <~10 m in size, gravitationally-
driven segregation of immiscible micron-scale Fe-rich droplets is unlikely to be significant (Chapter 2). 
However, given that Fe-rich droplet size scales with cooling rate (Chapter 3), segregation could occur 
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given the slow cooling rate of the Skaergaard Intrusion and the differing starting composition of the 
gabbroic pegmatites in comparison to the experimental starting compositions (of Chapter 2). I test the 
idea of whether segregation after unmixing occurred by studying the microstructural and field 
observational evidence. Plagioclase grains separate granophyric and ilmenite intergrowth pockets in the 
LZ gabbroic pegmatites suggesting segregation of the two immiscible conjugate liquids. Furthermore, 
field evidence suggests that segregation of the unmixed liquids did occur within the LZa gabbroic 
pegmatites, over a localised distance (i.e. on the centimetre-scale), as shown by olivine pyroxenite 
preferentially found at the base of the late-stage segregation structures. 
As the pegmatitic crystals grew in the gabbroic pegmatites, the interstitial unmixed liquid fractions 
would have evolved. The interstitial liquid in the crystallising gabbroic pegmatite would be more 
buoyant than the original accumulated late-stage liquid, and so would have percolated upwards through 
the surrounding thick mush. It is interesting to consider the effect of volatiles here. Miarolitic cavities 
at the top of the gabbroic pegmatites suggest exsolution of a volatile phase. This could have occurred 
by second boiling in the gabbroic pegmatite, i.e. continued crystallisation of the gabbroic pegmatites 
until volatiles saturated. Alternatively, the buoyant expulsion of an emulsion of unmixed interstitial 
liquid from the top of the gabbroic pegmatite may have sufficiently reduced the pressure within the 
gabbroic pegmatite to cause bubble nucleation. Bubbles coexisting with the mafic- and felsic-rich 
segregation may have provided additional nucleation sites in the mafic- and felsic-rich segregations 
(Davis and Ihinger, 1998), resulting in the immiscible segregations having a grain size consistent with 
the surrounding Skaergaard average gabbro. 
As the emulsion buoyantly rose above the gabbroic pegmatite and cooling continued, unmixing to more 
extreme end-member compositions occurred. Due to the differing physical behaviour of the two 
conjugates, buoyant rising of the emulsion induced segregation; the density difference between the 
mafic- and felsic-rich segregations and the gabbroic pegmatite is typically -0.5 and +0.2 g/cm3 
respectively. The greater density difference characterising the mafic-rich liquid resulted in downwards 
migration, while the felsic-rich liquid reached a level of neutral buoyancy and spread out along the 
magmatic layering of the LS gabbro. 
The mafic-rich liquid would be out of equilibrium with the surrounding cumulus minerals. As such, 
reactive symplectite structures would be predicted. These are apparent in samples cutting the boundary 
between the solidified remnants of the mafic-rich liquid and the surrounding LS gabbro, from LZ and 
UZ.  
A clear example of the mafic- and felsic-rich segregations originating from the gabbroic pegmatites are 
the dendritic anorthosites of the UZa trough layers, where the mafic-rich segregation is always found 
stratigraphically down-dip and is the volumetrically minor phase (Fig. 5.17). While the podiform 
gabbroic pegmatites cut the strong magmatic layering, the mafic- and felsic-rich segregations squirted 
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along the well-defined planes of the layering. The dendritic morphology is analogous to the complex, 
highly branched structures resulting from Hele-Shaw flow (Pihler-Puzović et al., 2013; Saffman and 
Taylor, 1958). This forms when Stokes flow (i.e. flow involving a liquid with a high viscosity, slow 
velocity, and a Reynolds number <<1) occurs between two parallel flat plates separated by an 
infinitesimally small gap (Hele-Shaw, 1898). It has been experimentally shown that when the two 
parallel flat plates are rigid-walled cells, the resultant morphology is narrow highly branched fingers of 
the intruding liquid, whereas when bounded by an elastic-walled cell, the resultant morphology is short, 
stubby fingers (Pihler-Puzović et al., 2013). Consequently, formation of the dendritic anorthosites can 
be best approximated to Hele-Shaw flows in a rigid-walled cell. This implies that the magmatic layering 
had sufficient integral rigidity that it did not deform when these liquids rose off the gabbroic pegmatites 
and spread outward along the magmatic layering. The dendrites have no consistent orientation with 
respect to the dip of the magmatic layering, suggesting that gravity alone did not control the initial 
intrusion and spread of the immiscible liquids. Hence, Hele-Shaw flow provides a feasible model for 
the observed features. Post-intrusion between the magmatic layers, gravity acted to effectively separate 
the unmixed liquids; I observe that the mafic-rich liquid of the dendrite always travelled the furthest in 
the down-dip direction. Overall, the immiscible liquids were largely extruded from the top of the 
gabbroic pegmatite as an emulsion, which separated within the surrounding crystal mush, as controlled 
by the physical characteristics of each immiscible liquid and gravity. It is interesting to note that the 
scale over which complete separation of the mafic- and felsic-rich liquids occurred in the dendrites is 
on the same scale as the total width of the studied NE England dykes (of Chapter 3) within which the 
immiscible liquids remained an emulsion. Furthermore, the experimental data (of Chapter 2) suggested 
that Fe-rich droplets on the micron-scale would not effectively separate. However, in Skaergaard, where 
there were very slow cooling rates, I observe clear separation of two immiscible liquids. This 
emphasises that cooling rates are highly significant in the coarsening and separation of an emulsion. 
These ideas contrast with that of McBirney and Sonnenthal (1990), who attribute the branching 
dendritic anorthosites to the transport of components by a reactive fluid infiltrating the magmatic 
layering, with the length over which the fluid infiltrates qualitatively linked to the rate of diffusion. 
Their model cannot explain the close relationship between the mafic- and felsic-rich segregations, the 
down-dip segregation of the mafic-rich segregation, nor the differential morphologies of the two 
segregations despite the surrounding LS gabbro being devoid of heterogeneities.  
5.6.5 Are the late-stage segregations ‘micro-magma chambers’? 
If the gabbroic pegmatites are indeed the origin of the mafic- and felsic-rich segregations then the 
gabbroic pegmatites are an open system. The gabbroic pegmatite liquids are representative of the 
intercumulus liquid, as shown by the whole rock geochemistry and plagioclase anorthite composition 
(Fig. 5.31; 5.35). If the minerals crystallising in the gabbroic pegmatite liquid are in equilibrium with 
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the accumulated liquid, then the gabbroic pegmatite should follow the whole rock differentiation trends 
of Skaergaard.  
My fieldwork and the major element concentrations of the late-stage segregations (Fig. 5.32) are 
suggestive of the mafic- and felsic-rich segregations being the remnants of an emulsion that has 
separated. Trace elements have preferential partition coefficients between two immiscible liquids, as 
shown by experimentally determined coefficients (Fig. 1.8; Schmidt et al., 2006; Veksler et al., 2006). 
However, many of the calculated trace element partition coefficients from the mafic- and felsic-rich 
segregations are inconsistent with the known experimentally determined partition coefficients (Fig. 
5.38). In particular, the trace element partition coefficients calculated for Ba, Sr, LREEs and Zr show 
the opposite of the experimentally expected partition coefficients, with the biggest disparities between 
the experimental and the calculated segregation partition coefficients observed in the UZa trough 
layering horizon. Such a calculation of the trace element partition coefficients assumes crystallisation 
in a closed system.  
The trace elements showing unexpected partitioning behaviour are high field strength elements (HFSE) 
and large lithophile elements (LILE). HFSE are commonly regarded as immobile in geological systems 
(Gill, 2010; Pearce and Cann, 1973), so subsequent leaching from the mafic-rich segregation, 
remobilisation, and deposition of the LREE and Zr in the felsic-rich segregation would be surprising.  
Recent observations and experimental work show that HFSEs and REEs can be mobilised in alkali, Cl-
rich and F-rich systems (Sheard et al., 2012; Wilke et al., 2012; Williams-Jones et al., 2012; Yang et 
al., 2014). The gabbroic pegmatite fluid inclusions (Larsen et al., 1992) suggest an exsolved H2O-NaCl-
CH4 fluid, so it is possible that these elements were lost from the magmatic liquid to an aqueous fluid.  
Interestingly, CaO concentrations (Fig. 5.38) in the mafic- and felsic-rich segregations also show the 
reverse partitioning trend to that expected between two immiscible liquids. Overall, the depletion trends 
are not consistent across all the HFSEs and LILEs. One explanation could be that part of the mafic-rich 
immiscible fraction remained trapped within the gabbroic pegmatite and so the mafic-rich segregation 





Figure 5.38 Liquid-liquid partition coefficients for (Cfe/Csi) for a range of trace elements; these values (in 
grey) are experimentally determined (and shown in Figure 1.8). Overlain in red are the liquid-liquid partition 




The gabbroic pegmatites represent the passive late-stage accumulations of the interstitial liquid from 
the cumulus pile. When the crystal mush is thick, the gabbroic pegmatites have a podiform morphology, 
whereas when the crystal mush is thin, the gabbroic pegmatites have a planar sill-like morphology. 
Field evidence reveals a relationship between the mafic- and felsic-rich segregations and the gabbroic 
pegmatites. The mafic- and felsic-rich segregations appear to originate from the gabbroic pegmatite 
where unmixing started. A buoyant emulsion rose into the overlying crystal mush and the contrasting 
physical properties of the two liquids caused gravitational driven segregation to occur. Miarolitic 
cavities within the gabbroic pegmatite indicate the presence of a segregated vapour phase within the 
late-stage segregations, which affected the viscosity of the liquid prior to exsolution of the volatile 
phase. The changes in viscosity impacted the microstructures produced. 
The mafic- and felsic-rich segregations are immiscible liquids, which show different physical behaviour 
within the surrounding crystal mush after separation. Timescales of cooling are shown to be a key factor 
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6 CONCLUDING REMARKS 
This thesis sought to investigate the physical behaviour of immiscible silicate liquids evolving within a 
crystal mush at different cooling rates. The focus has been on ferrobasaltic systems, where the Fe-rich 
conjugate forms the minor phase, and the Si-rich conjugate the major phase. The wider implications of 
studying silicate liquid immiscibility can be distilled to the potential of the process to form ore deposits 
and the effect of the process on the liquid line of descent of differentiating magmas. For the process of 
unmixing to be of broad significance to the geological community, near or complete segregation of the 
two immiscible liquids is required. In the published literature, a range of methods have been used to 
show large- and small-scale segregation of unmixed liquids preserved in the geological record, 
including mineral geochemistry, melt inclusions and field evidence (e.g. Fischer et al., 2016; Holness 
et al., 2011; Humphreys, 2011; Jakobsen et al., 2005; Namur et al., 2012; VanTongeren and Mathez, 
2012). This thesis contributes to our understanding of the physical constraints on such unmixing 
segregation, combining experiments, image analysis, geochemistry, petrology and field evidence, to 
build up a holistic understanding of factors affecting the coarsening of unmixed liquids. As is typical 
of scientific work, the studies herein contain assumptions and limitations, the most significant of which 
is the focus on ferrobasaltic systems, and it is important to acknowledge that this constrains the wider 
applicability of my conclusions to other natural analogous. 
The thesis began (Chapter 2) with an experimental approach to quantify how Fe-rich droplets nucleate 
and coarsen with decreasing temperature, a growing crystal fraction, and a constant cooling rate of 
1°C/h. These experiments expanded on the detailed geochemical experimental study of Charlier and 
Grove (2012), which provided important context for the study of the physical behaviour of an emulsion. 
The experimental cooling rate used is typical of cooling across a magma body on the tens of metre-
scale or less. The major conclusion is that in small-scale magma bodies on the ~10 m scale, 
gravitationally-driven segregation of immiscible homogeneously nucleated Fe-rich droplets is unlikely 
to be significant; it is not valid to assume that an Fe-rich immiscible liquid will always tend to migrate 
downwards into structural traps. The experimental set up only varied temperature and the duration for 
which each experiment was held isothermally; it did not address the effect of cooling rate, which is 
crucial for kinetic studies and will affect the application of the experiments to different natural systems. 
The cooling rate used in the experiments was approaching the limit that can be stably maintained 
experimentally. 
To tackle the problem of assessing slower cooling rates, in Chapter 3 I used natural samples taken from 
transects across basaltic dykes. By using crystal microstructures to determine the cooling rate at 
different points across the dyke width, I showed that at slower cooling rates there is a higher Fe-rich 
droplet number density and an increase in Fe-rich droplet size. This was an interesting result for 
investigating the potential for segregation of unmixed liquids as Fe-rich droplet coarsening is more 
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likely to lead to Fe-rich liquid accumulation: coarser droplets are more likely to migrate and segregate 
than a micron-scale emulsion. Although there are other factors that will affect coarsening, such as 
composition, pressure and fO2 (e.g. Charlier and Grove, 2012), my results suggest that the conclusions 
from experimental studies may be not applicable for systems with very slow cooling rates. 
In Chapter 4 I studied the role of crystal growth in triggering unmixing at crystal-melt interfaces and I 
highlighted the effect of compositional boundary layers in the localised formation of immiscible liquids. 
This work shows that compositional boundary layers facilitate the development of liquid immiscibility 
at temperatures above those that experiments illustrate unmixing can be produced by 
nucleation. Crucially, at higher temperatures the crystal fraction in melts is lower and so there is greater 
potential for the migration and segregation of two immiscible liquids. 
Chapter 5 investigates late-stage segregations in the Skaergaard Intrusion and shows that, given 
sufficient time, unmixed liquids will undergo near-complete segregation on a metre-scale but the 
migration distance is hindered by the thickness and permeability of the crystal mush. As such, in 
temperature-composition space, the onset of unmixing in relation to the liquidus is crucial. At low 
crystal fractions there is a greater possibility of immiscible liquid segregation, unimpeded by a high 
crystal fraction; however, this requires high temperature unmixing. Such evidence is suggested in 
Chapter 4, whereby Fe-rich immiscible liquid surrounds growing plagioclase grains at temperatures 
>1100°C. 
There are several major outstanding debates in igneous petrology to which this thesis is relevant: first 
that magmatic rocks at the surface of the Earth are mainly basalts or rhyolites but intermediate 
compositions are poorly represented (i.e. the Daly gap (e.g. Charlier et al., 2013; Charlier et al., 2011)); 
second that volcanoes are underlain by extensive crustal-scale mush zones (Cashman et al., 2017); and 
third that our understanding of the formation of enigmatic varieties of Fe-rich ore deposits is incomplete. 
In the first instance, my work on compositional boundary layers around crystals suggests that, if crystals 
act as nuclei and kinetic effects are recognised, immiscibility may occur in natural samples at higher 
temperatures than previously thought (>1100°C; complementing work by Hou and Veksler (2015)). At 
a larger-scale, such high temperature unmixing and movement could have important implications for 
the formation of the Daly gap through the dearth of intermediate magma compositions (e.g. Charlier et 
al., 2013; Charlier et al., 2011). In the second instance, if active magma systems are dominated by 
crystal-rich mush, then the migration of interstitial liquids in exhumed layered intrusions may have 
direct relevance to volcanological processes. My study of the Skaergaard late-stage segregations 
(Chapter 5) show that the physical properties of the mush (rheology and thickness) control the 
morphology of the accumulating late-stage liquids and that these form metre-scale heterogeneities in 
the mush. In the third instance, early onset of unmixing can play a role in ore genesis by potentially 
enabling the relative movement of the two immiscible liquids in a gabbroic crystal mush (Chapter 4). 
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Furthermore, the experimental work on the coarsening of Fe-rich droplets at different temperatures also 
has relevance to studies on the migration of sulfide droplets in magma (e.g. Chung and Mungall, 2009; 
Mungall and Su, 2005). 
As analytical techniques become capable of ever greater resolutions, with ever smaller detection limits, 
an awareness of processes that can cause heterogeneities in glasses and zoning in crystals will be 
important for reliable geochemical interpretations of igneous processes. For example, silicate liquid 
immiscibility can cause small-scale spatial heterogeneities in glass compositions, as shown in Chapters 
2, 3 and 4. My work on Fe-rich droplet nucleation and coarsening, nanoemulsions, and the formation 
of compositional boundary layers around growing crystals highlights the importance of petrologic study 
of samples, prior to geochemical work to identify where analyses measure emulsions rather than a single 
glass phase.   
6.1 Future directions of study 
This thesis has raised a number of different areas of future study, which I feel would be valuable to the 
field of igneous petrology and the study of silicate liquid immiscibility. 
6.1.1 Microstructures of immiscible liquids 
6.1.1.1 Experiments 
There is a clear need to expand the microstructural study of Chapter 2 to experiments of differing 
starting compositions. Ideally experiments with a more Fe-rich starting composition, where the Si-rich 
conjugate is the minor phase forming droplets distributed within a continuous Fe-rich liquid. The same 
analyses detailed in Chapter 2 could be replicated for such a set of atmospheric pressure, drop-quench 
experiments quantifying the evolution of Si-rich droplets at a constant cooling rate of 1°C/h. This would 
expand the applicability of the microstructural study to a wider range of natural systems. It could also 
be combined with geochemical analyses to further investigate the shape of the binodal for more Fe-rich 
samples (work started by Charlier and Grove (2012)). Further investigation into the effects of isothermal 
dwell times on the experimental microstructure of the immiscible droplets would provide a valuable 
indication of the stability of the immiscible liquids. The experiments of Chapter 2 are cooled at a 
constant rate and the effect of fluctuating temperatures, potentially simulating a new magma injection 
into a body of melt, was not considered. Temperature cycling is common in magmatic systems and 
needs to be accounted for when analysing chemical zoning of igneous crystals and rock textures. 
Oscillating temperature dramatically speeds up recrystallisation of magma analogues (e.g. Mills et al., 
2011), so fluctuating temperatures are likely to promote emulsion coarsening, which could have 
implications for the efficiency of segregation of two immiscible silicate liquids. Chapter 2 highlights 
the kinetic barriers to Fe-rich droplet coarsening in the timeframe of solidification in natural systems; 
166 
 
optimal migration of Fe-rich liquids could occur if the dense liquid accumulates and exceeds the pore 
throat pressure between grains (e.g. Chung and Mungall, 2009; Mungall and Su, 2005). 
6.1.1.2 Natural samples 
It would be interesting to use natural samples for the equivalent, quantified microstructural study as 
completed in Chapter 2; this would require a series of well-characterised samples with a glassy 
mesostasis and a known cooling rate(s) – similar to those collected from the NE England dykes (Chapter 
3). However, it is difficult to find natural samples where the glass is not devitrified, as devitrification 
inhibits automated image analysis. Sadly, devitrification of the glass in the NE England dykes prevented 
such quantitative image analysis for my study of the emulsion microstructure. Further investigation of 
the Cohassett Flow samples, where Philpotts and Philpotts (2005) identified unmixing, could be 
promising. 
6.1.1.3 Novel image analysis techniques 
Experimentation with different imaging techniques would greatly benefit microstructural studies of 
immiscible liquids. First, techniques reaching a greater resolution will enable better understanding of 
the controls on emulsion nucleation and coarsening of droplets. Currently, image analyses of SEM BSE 
images (as in Chapter 2 and 3) are constrained by the SEM magnification limit, photograph pixel 
resolution and the number of images that can be analysed. The magnification limit reaches a maximum 
with a half field width of ~5 µm because effective imaging of the Fe-rich liquid requires an SEM 
operating voltage >15 kV. Different options for larger area analyses of droplets forming an emulsion 
include small-angle X-ray scattering (SAXS) and in-situ Raman spectroscopy. From these it is 
theoretically possible to get in situ information on the size distribution of nano- to micron-scale droplets 
(e.g. Toplis and Reynard, 2000). Second, gaining an understanding of the 3D morphology of the 
emulsion is highly desirable. The power of 3D imaging was elucidated by atom probe tomography 
(APT) analyses (as shown in Chapter 4), which revealed the nano-scale morphology and boundaries 
between unmixing liquids and showed that APT has the potential for microstructural application to 
basaltic glasses (e.g. Saxey et al., 2018). Combining nano-scale morphological analyses with 
geochemistry would be highly insightful: currently, APT provides relative compositional information, 
so there is a requirement for APT calibrated primary standards and data processing techniques, 
standardised across APT labs. 3D information would also be incredibly useful for quantifying the 
wetting angles of unmixing liquids on different crystal phases and different crystal faces. Building up 
such a database was begun in Chapter 2 using 2D images and a large number of measurements, but 
further work using X-ray tomography to measure the angles in 3D, potentially at nano-metre resolution 
would be ideal.  Third, in a new paper by Pleše et al. (2018), the authors showed the 4D evolution of 
bubbles on the surface of crystals. A similar study would be valuable to see the heterogeneous 
nucleation of immiscible liquids on crystals and any potential changes in wetting angles. This would 
provide a fascinating insight into the evolution of unmixing liquids, which is currently limited to the 
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snapshots preserved during quenching. Collecting microstructural measurements in real time is an 
exciting avenue of future research on the growth kinetics of crystal-rich systems. Projects running 
crystal growth experiments in a synchrotron (Hartley 2019 pers. comm.) could be combined with 
additional studies on unmixing, as such projects have noted the development of compositional boundary 
layers around plagioclase (similar to those described in Chapter 4). 
6.1.2 Skaergaard 
Focusing on the future direction of work in Skaergaard, the extensive, high resolution drone footage of 
the LS (imaged by Jens Andersen during our 2017 field campaign) could be used to calculate the volume 
of magmatic interstitial liquid accumulated in late-stage segregations, visible in the aerial images. This 
would build on the estimates of Tegner et al. (2009), who concluded that the volume of 
melanogranophyre in the UZ increases towards the roof of the intrusion. 
On a tangent to immiscible liquids, the Skaergaard Intrusion would be a fantastic natural laboratory to 
explore hypotheses on the formation of mafic pegmatites. One such example being that as plagioclase 
growth on the (001) face dominates at fast cooling rates, in Skaergaard the growth rate on the (010) face 
tends towards the growth rate of the (001) face due to the very slow cooling rate of the intrusion 
(Holness, 2015). EBSD of pegmatitic plagioclase crystals from the gabbroic pegmatites could provide 
us with more information on the dominate growth direction providing some indication of the relative 
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